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INTRODUCTION 
Since the introduction of high analysis phosphorus (P) 
fertilizers containing polyphosphates, the behavior of poly­
phosphates in soils has received considerable attention. 
Ammonium polyphosphate fertilizers contain approximately 
one-half of their P in the form of polyphosphates. Pyrophos­
phate (PP) is the dominant polyphosphate in fertilizers and 
has been studied thoroughly. Longer chain polyphosphates, 
which occur in smaller amounts in P fertilizers than PP, and 
cyclic polyphosphates, show considerable variation in their 
chemical properties. These differences in chemical properties 
will affect their adsorption, hydrolysis, and availability to 
plants when added to soils, and thus deserve investigation. 
The adsorption of orthophosphate and polyphosphates by 
soils results in a decrease in the concentration of P in the 
soil solution, and therefore, a decrease in plant-availability 
of P. Phosphorus added to the soil surface from crop residues 
and fertilizer application is adsorbed by the soil and little, 
if any, P would penetrate to the subsurface. The resulting 
accumulation of P makes the P more susceptible to loss through 
erosion. Subsurface soil is an important source of P for crop 
plants, especially when the top soil is depleted in water. 
Therefore, increasing the P status of the subsoil is bene­
ficial to the nutrition of plants. 'However, little informa­
tion is available on the adsorption characteristics of poly-
2 
phosphates, some of which (e.g., trimetaphosphate) are 
mobile in soils. Such information is needed to find methods 
of increasing the P fertilizer use efficiency, 
Trimetaphosphate (TMP) is unique among polyphos­
phates in that it is soluble in the presence of metal ions, 
such as Mg^ ,^ Ca^ *, and Ba^ *, and is not adsorbed by soils. 
This cyclic polyphosphate contains three phosphate units and 
is hydrolyzed to yield the linear phosphate, triphosphate (TP). 
This transformation is catalyzed biochemically by the enzyme 
trimetaphosphatase, and chemically, by metal ions such as 
7+ 7+ 
Ca and Mg . 
Trimetaphosphatase (EC 3.6.1.2) is the enzyme which 
catalyzes the hydrolysis of TMP to TP. Trimetaphosphatase 
activity is known to occur in microorganisms, plants, and 
animals, and there is evidence to suggest that it is also 
present in soils. Because of the unique properties of its 
substrate, TMP, the activity of trimetaphosphatase in soils 
is of particular interest. Very little information, however, 
is available on trimetaphosphatase activity in soils. Much 
of this lack of information is due to the difficulty in assay­
ing the activity of this enzyme. The product (TP) of hydroly­
sis of TMP is difficult to quantify in the presence of other 
phosphate compounds. Thus, many studies of trimetaphospha­
tase have relied on estimation of the orthophosphate (OP) 
produced. However, OP is not directly produced from TMP; 
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it is the product of hydrolysis of TP produced from TMP by 
trimetaphosphatase. A simple and direct assay method for 
trimetaphosphatase is therefore needed. For this purpose, 
a simple method is required for determination of TMP or TP 
in the presence of other P compounds. 
Therefore, the objectives of this study were: (l) to 
characterize the adsorption of various chain-length polyphos­
phates by soils and clay minerals, (2) to develop a method 
for determination of TMP added to soils, (3) to develop a 
procedure for assay of trimetaphosphatase activity of soils, 
and (4) to assess the factors affecting trimetaphosphatase 
activity in soils. 
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LITERATURE REVIEW 
Phosphorus (P), an essential nutrient for plants, is 
most commonly known for its role in energy transformations 
in all living organisms. Phosphorus, in its oxidized state, 
is the critical moiety in higher energy compounds such as 
nucleotides and phosphorylated carbohydrates. High energy 
phosphate compounds are involved in nearly all major bio­
chemical reactions and are used for storing energy from 
exergonic reactions, transporting energy to other reaction 
sites, and forcing endergonic reactions. Because P com­
pounds have many other functions in the growth, development, 
and structure of cells, the highest P concentrations occur 
in actively growing tissues. Phosphorus indeed is an essen­
tial element for all living organisms. 
The P content of the earth's crust is approximately 
0.12%. Although soils, rocks, natural waters and biomass 
contain P, the level of P in the atmosphere and in precipita­
tion is extremely low (Tabatabai et al., 1981). Higher plants 
must then obtain P from the soil. Although all soils contain 
P, the amounts present and the availability to plants show 
considerable variation among soils. A soil may contain a 
considerable amount of P and yet, because of its pH or chemi­
cal composition, be deficient in available P for growing 
plants. 
Soils may contain appreciable amounts of inorganic and 
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organic P, both of which could have an important role in 
supplying P to growing plants (Anderson, 1980). Phosphorus 
as orthophosphate (OP) could be present in many inorganic 
3+ forms in the solid phase of soils. Cations such as A1 , 
Fe^ *, Ca^ *, and Mg^  ^may form various compounds with OP, many 
of which have very low solubilities (Sample et al., 1980). 
Such compounds may slowly react to form even more stable 
compounds, resulting in a further decrease in availability of 
F to growing plants. 
As plants assimilate inorganic P from soils, die, and 
decay, inorganic and organic P are returned to the soil. Most 
of the organic P in soils occurs as esters of phosphoric acid 
(Anderson, 1980). Hydrolysis of these esters is required 
before the P is made available to plants. Although some of 
these compounds may be mineralized very slowly, Anderson 
(1980) concluded that the organic P in many soils may have 
an important role in supplying P to growing plants. 
To supplement the plant-available P in soils, man has 
applied materials containing P to crop lands since the be­
ginnings of agriculture. Not until the 19th century, how­
ever, was it discovered that sulfuric acid treated rock phos­
phate made P more available to plants (Cathcart, 1980). 
Since then, the production of phosphate fertilizers has in­
creased dramatically such that, in 1982, 13 x 10® metric tons 
of P were applied as fertilizer worldwide (FAG, 1983). Most 
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of the P fertilizers produced involve the use of rock phos­
phate, a nonrenewable, natural mineral found in many areas 
around the world. The USA, USSR, and Morocco are the leading 
producers of P fertilizers. 
Not all the P added to soils in fertilizers remains 
available to growing plants. When a solid P fertilizer is 
added to a soil, dissolution of the granule in the soil solu­
tion occurs. This is followed by precipitation and adsorp­
tion reactions in zones surrounding the granule, in which OP 
is removed from the soil solution and becomes part of the 
solid phase of the soil. Initially, a considerable portion 
of the applied P is available to plants, but with time, the 
availability decreases. This phenomenon is attributed mostly 
to slow reactions in which the adsorbed or precipitated OP 
becomes more stable and less available to the solution phase 
(Barrow and Shaw, 1975). The applied P fertilizer may also 
become less available due to loss by leaching, erosion, and 
immobilization in organic matter. Leaching and erosion losses 
are generally quite low (<2%) and immobilization in organic 
matter will also be low in soils in which organic matter con­
tent is quite constant (Barrow, 1980), Therefore, most of 
the loss in P availability after its application to soils is 
due to fixation. 
Because P in fertilizers is sorbed rapidly by soils, 
surface applied P fertilizers tend not to penetrate the soil 
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profile. Growing plants utilize the P present throughout the 
profile and translocate it to the plant tops, a portion of 
which is returned to the surface soil upon harvesting. Both 
of these phenomena cause accumulation of P in the upper part 
of the soil profile. During the growing season, the topsoll 
may dry, causing the reduction in the available P to plants. 
Therefore, there is a potential advantage in raising the P 
content of the lower part of the soil profile in order to 
make P more available later in the growing season. 
The penetration of fertilizer P into the soil profile 
can be accomplished in various ways. One method would be to 
mix the topsoil by means of tillage. This is not always de­
sirable (e.g., nonseasonal crops, no-till management systems) 
and the depth of mixing may not be deep enough to obtain the 
desired profile distribution of P. Injecting the P fertilizer 
into the subsoil would be another possible alternative, but 
such a method would not be feasible in management systems 
which require little or no tillage and would be expensive. 
A third means would be to apply large amounts of P fertilizer 
to the soil surface so that a portion of it would penetrate 
into the soil before being sorbed. This requires very large 
amounts of P and would usually not be economically feasible. 
The fourth method that has been suggested for causing a 
deeper penetration of fertilizer P into soils involves the 
application of a phosphate fertilizer that is not sorbed by 
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soil as strongly as OP. Rolston et al, (1975) suggested that 
the use of organic phosphates such as glycerophosphate and 
methyl ester phosphate would increase the penetration of P in­
to the soil. Hydrolysis of these compounds in soils is quite 
rapid, however, and irrigation water would be needed to move 
the fertilizer down the profile before hydrolysis and subse­
quent sorption occurs, Hashimoto and Lehr (1973) demonstrated 
small differences in the mobility of OP and various polyphos­
phates when the P compounds were added as a powder to the 
surface of columns of a moist soil. Using data from a similar 
experiment, Khasawneh et al. (1974) concluded that the use of 
triphosphate (TP) only slightly delays the fixation of P by 
soils and its mobility is similar to OP. Philen and Lehr 
(1967) predicted that water-soluble polyphosphates would 
diffuse farther through the soil profile than would OP. Some 
of the apparent contradiction between the observed mobility 
of polyphosphates and the predicted mobility of polyphosphates, 
as well as the mobility of organic phosphates, is likely due 
to the manner in which the experiments were conducted. Apply­
ing the P compound in dry form will allow the polyphosphate 
to hydrolyze before penetration is possible. Applying the 
polyphosphate or organic P fertilizers in solution form, 
however, would allow penetration into the soil before hy­
drolysis can occur. Thus, the addition of water with the 
weakly sorbed P compound may have a profound effect on the 
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movement of P into the soil profile. It is desirable, 
therefore, to find P compounds that are not sorbed by soils, 
yet can serve as sources of P for plants. 
Polyphosphate Fertilizers 
The manufacture and use of F fertilizers have undergone 
significant changes since the use of acid-treated fertilizers 
started over 100 years ago (Cathcart, 1980). During the mid-
nineteenth century, the first ordinary superphosphate was 
manufactured in Europe. This was done by adding sulfuric 
acid to ground phosphate rock. The production of triple 
superphosphate started during the 1930s by addition of phos­
phoric acid to phosphate rock. During the 1960s, ammonium 
phosphate and ammonium polyphosphate fertilizers were devel­
oped from addition of NH^  to wet-process phosphoric acid or 
electric furnace superphosphoric acid, respectively. In 
1971, the pipe reactor was developed by TVA which allowed 
the manufacture of ammonium polyphosphates from wet-process 
phosphoric acid having low polyphosphate content. With this 
development, the liquid fertilizer industry based on wet-
process acid greatly increased (Young and Davis, 1980). 
Various polyphosphate compounds may exist in ammonium 
phosphate fertilizers and other polyphosphates that have been 
suggested as fertilizers. Some of these compounds are shown 
below: 
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Hashimoto and Lehr (1973) reported that a typical ammonium 
polyphosphate fertilizer contained 41% OP, 54% PP, 4% TP and 
1% tetraphosphate or longer condensed phosphates. Consider­
able fluctuations in these values are expected as the process 
of making ammonium polyphosphate fertilizer is not at all a 
precise procedure. So the conditions of manufacture will 
affect the relative amounts of the various polyphosphates. 
Fertilizers are not the only sources of polyphosphates 
in soils. Polyphosphates have been found in soils (Ghonsikar 
and Miller, 1973), microorganisms (Harold, 1966), and in 
mycorrhizae (Chilvers, 1978; Cox et al,, 1980). Ghonsikar and 
Miller (1973) reported an increase in perchloric acid-
extractable polyphosphate when soil was incubated with glu­
cose and orthophosphate for 7 days. Chilvers et al. (1978) 
and Cox et al. (1980) detected granules of polyphosphate in 
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mycorrhizae and suggested that these granules are significant 
in the uptake of P by plants; these granules apparently 
function in the storage and transport of P in mycorrhizae. 
Trimetaphosphate is present in acid extracts of some mi­
croorganisms, although its source is not certain (Harold, 1966). 
Dirheimer and Ebel (1957) reported that the TMP content of 
yeast cells varied with the extraction procedure employed, 
suggesting that it is an analytical artifact. Because TMP 
can be produced upon the hydrolysis of longer chain phos­
phates under some conditions (Van Wazer, 1958), it is conceiv­
able that the TMP found in some microbial extracts is pro­
duced from long-chain polyphosphates during extraction. 
Polyphosphates may also be added to soils by sewage 
effluent application. Sewage effluent may contain polyphos­
phate because of the use of these compounds as detergent 
builders; triphosphate and pyrophosphate may constitute 50% 
of some detergents (Harris and Van Wazer, 1961). 
Energy requirement is one of the important factors in 
determining the potential use of a P fertilizer. Diammonium 
phosphates, the most widely used P fertilizer in the United 
States, requires 82% more energy for production than ordinary 
superphosphate fertilizer (White and Johnson, 1980). Ammonium 
polyphosphate fertilizer has energy requirements similar to 
that of di ammonium phosphate. Much of the energy required 
for phosphate fertilizers is expended in the production of 
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the sulfuric acid. When a new fertilizer is to be tested, 
energy costs must be evaluated as to whether or not the 
benefits of such a fertilizer justify the possible additional 
expenditure of energy in its production. 
Adsorption of Phosphate by Soils 
After F fertilizers have been applied to soils, they 
become increasingly unavailable to plants with time. This 
process, known as P fixation or retention, has received con­
siderable attention because of its effects on plant nutrition 
and fertilizer efficiency. To explain this process, many re­
searchers regard P to be in three possible states in the soil: 
P in solution, P adsorbed to soil solids but in equilibrium 
with the soil solution, and P fixed or retained by soil and 
mostly nonlabile (Barrow and Shaw, 1975). Most of the fer­
tilizer P added to the soil solution, either through the 
dissolution of P fertilizer granules or the addition of P 
solution, is quickly adsorbed by the soil. This adsorbed P 
may slowly react to form fixed P, which is more stable and 
less available to plants. Two lines of evidence are given 
for these slow reactions which yield fixed P, namely, the 
effect of increasing temperature and the effect of increasing 
solution concentrations of OP on the amount of OP removed 
from solution by soils. It has been shown that higher tem­
peratures of equilibration of soil and OP solution can 
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either increase or decrease the amount of OP removed from 
solution, depending on other conditions of equilibration. If 
conditions are chosen to cause the slow reactions to become 
negligible (short equilibrium time), increasing'the tempera­
ture favors more OP in solution. However, if conditions are 
chosen so to cause the first adsorption reactions to be neg­
ligible, increasing the temperature favors lower OP in solu­
tion. This would imply two kinds of reactions, one exo­
thermic and the other endothermic. 
A second line of evidence supporting the two-step reac­
tion model of P fixation comes from studies in which the OP 
concentration of the equilibrating solution varied. For the 
first step of the P adsorption reaction, each increasing in­
crement of OP concentration in solution resulted in a smaller 
increase in the amount of OP adsorbed or initially precipi­
tated. But in studies of the effect of the amount of OP 
adsorbed or precipitated on the amount of OP firmly held, 
the relationship was linear (Barrow, 1980). 
Several models have been proposed to explain the 
mechanism of the retention of P by soils. Most of these 
models include the reaction of P with a major constituent of 
soils, namely, hydrous oxides, alumino-silicates, carbonates 
and organic matter. There has been doubt as to whether the 
P is adsorbed to soil solids or is precipitated with metal 
ions in the soil. Modern models of the retention of P by 
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soils include: physical adsorption, chemisorption, anion 
exchange, surface precipitation, and precipitation of separate 
solid phases (Sample et al., 1980). 
Phosphorus is sorbed by hydrous oxides in three stages 
or regions which are dependent on the concentration of P in 
the equilibrating solution (Bache, 1964; Muljadi et al., 
1966a; Hsu and Rennie, 1962). The first stage of sorption 
occurs at low P concentrations and is thought to result from 
the exchange of phosphate for one of two -OH groups associ­
ated with a positively charged A1 atom. The second stage 
occurs at higher P concentrations and is believed to replace 
the second -OH group on Al. The third region may be due to 
the penetration of P into some less crystalline region of 
clay surface (Muljadi et al., 1966b). A possible mechanism 
for P becoming less available with time is a phase change 
of the adsorbed P in which one P ion bonds with two Al atoms 
(Kafkafi et al., 1967). 
Studies on the sorption of P by alumino-silicates have 
revealed that similar amounts of P are retained by various 
clays when compared at nearly equal particle sizes (Wild, 
1950). This suggested that the mechanism of sorption is the 
same for various clays. Phosphate may sorb to the edges of 
clay particles with mechanisms similar to that for hydrous 
oxides (Muljadi et al., 1966b; Hingston et al., 1972; Kuo and 
Lotse, 1972). At very high P concentrations, as either OP or 
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polyphosphate, dissolution of the mineral can occur leading 
to precipitation of P compounds (Rajan and Fox, 1975; Low 
and Black, 1948; Philen and Lehr, 1967). 
Phosphate retention by carbonates is regarded to occur 
in two stages. At low concentrations, F is adsorbed to the 
surface of the calcite, while at higher concentrations, it is 
precipitated with metal ions (Cole and Jackson, 1950; Griffin 
and Jurinak, 1973). Many reaction products have been identi­
fied resulting from the retention by carbonates with OP solu­
tions (Lindsay et al., 1962) and polyphosphate solutions 
(Philen and Lehr, 1967), but the exact mechanism is not well 
understood. 
Soil organic matter can affect the sorption of P in 
several ways. Since organic matter is normally negatively 
charged, it is not likely to retain P without association 
with polyvalent cations. With polyvalent cations, such as 
Fe^ *, Al^ * and Ca^ "*, soil organic matter can retain signifi­
cant amounts of P (Appelt et al., 1975; Bloom, 1981). Or­
ganic matter may, at times, reduce the amount of P sorbed by 
inorganic soil constituents by competing for positively 
charged sites (Nagarajah et al., 1970; Holford and Mattingly, 
1975). However, Appelt et al. (1975) found that various 
fractions of organic matter had little effect on the amount 
of P sorbed by soils derived from volcanic ash. 
Because of the sorption and eventual fixation of some of 
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the P added to soils by fertilizers, the efficiency of P 
fertilizer is decreased and the P becomes increasingly less 
avciilable to plants with time. To compensate for the ]oss 
in availability to plants, more P fertilizer P is added to 
soils even though previously added P has not been removed. 
In the U.S.A., 24% more fertilizer P is added to soils than 
is removed through cropping (Brady, 1974). Among 19 soils 
from Great Britain, the availability of P, which was added 
by a single application, in 18 of the soils became one-half 
of its original value in 1 to 6 years (Larsen et al., 1965). 
With applications of P fertilizer over several growing sea­
sons, the P content of the soil may be quite high and still 
not supply sufficient P to growing plants. 
The sorption of phosphates by soiJ s is affected by the 
type of minerals in the soils as well as the conditions exist­
ing during the sorption reaction. The nature and abundances 
of the minerals present in a soil will determine the amount 
of P that can be sorbed, the energy of the sorption reaction, 
and the form of P compounds produced. Blanchar and Hossner 
(1969b) described the sorption of OP, PP, and TP, as being 
dependent on the pH, Fe-P content, Al-P content, and Ca-P 
content of the soils. Ahenkorah (1968) reported that the 
dithionite-extractable Fe content and the interaction of pH 
and extractable Fe of some Ghana soils were most important 
in determining the amount of P sorption. In other studies. 
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the dithionite-extractable Fe and A1 were significantly 
correlated with the amount of P sorbed from P solutions con­
taining 10, 15, or 20 ppm P (Singh and Tabatabai, 1977). 
Adsorption of P by soils is affected by experimental 
conditions. Two of the more important conditions are the 
temperature and the ionic strength of the equilibrating solu­
tion. Increasing the temperature may increase rate of the 
reaction between adsorbed P and firmly held P, but should not 
appreciably affect the position of equilibrium between these 
two forms (Barrow, 1979), However, increasing the tempera­
ture decreases the amount of adsorbed P in favor of solution 
P. These conclusions agree with the results reported by 
Sharpley and Ahuja (1982) showing higher temperatures decreased 
the amount of desorption of P, possibly due to the formation 
of amorphous Fe and A1 complexes and calcium precipitates. 
This effect of temperature may vary if the two processes, 
namely, adsorption and conversion of adsorbed P to firmly-
held P, are not separated (Chien et al., 1982; Gardner and 
Jones, 1973). 
The ionic strength of the equilibrating solution also 
affects the sorption of P by soils. Many studies of P sorp­
tions have used some concentration of CaCl2 in the équilibra-
2+ tion solution because of the natural presence of Ca in soil 
solutions and to aid in obtaining a clear extract for P 
2+ 
analysis (Ca flocculate clay and organic matter). Singh 
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and Tabatabai (1976) suggested that these reasons are not 
valid and that the use of CaCl2 can result in the overestima-
tion of P sorption by soils. The results of other studies 
also indicate that increased ionic strength of the equili­
brating solution increases the sorption of P by soils (Barrow 
and Shaw, 1979; Helyar et al., 1976), Barrow and Shaw (1979) pro­
posed that increasing the ionic strength increases the sta­
bility of the firmly held P. Stabilization of the firmly 
held P would favor its production and result in more P being 
removed from solution. 
The effect of the ionic strength of the equilibrating 
solution on P sorption by variable charge surfaces may vary, 
depending on the pH. At low pH values, increasing the concen­
tration of either NaCl or CaCl2 resulted in a decrease in ad­
sorption by goethite (Barrow and Shaw, 1979). As the pH was 
increased, a point was reached at which the concentration of 
salt had no effect on P sorption. Above this critical pH 
value, increased salt concentration caused greater sorption 
of P. These effects were attributed to differences in the 
distribution of electrolyte ions near the surface and the sub­
sequent changes in the electrostatic potential in the plane of 
adsorption. A model of ionic adsorption proposed by Bowden 
et al. (1977) closely described these effects of ionic 
strength on P adsorption. Barrow and Shaw (1979) suggested 
that increasing ionic strength would cause an increase in P 
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sorption if the surface is negatively charged, a condition 
likely to occur at soil pH values. It has also been noted 
that the nature of the cation present will be an important 
factor in P sorption (Barrow and Shaw, 1979; Singh and 
Tabatabai, 1976). Calcium ions caused a greater increase 
in P sorption than did Na*. 
Several methods have been employed to describe the sorp­
tion of phosphates by soils. A theoretically simple means of 
describing the concentration of P in solution and the presence 
of solid phases is the use of solubility isotherms (Aslyng, 
1954, as cited in Olsen and Khasawneh, 1980). These iso­
therms are useful in determining the stability of various 
compounds under various conditions and predicting which com­
pound is determining the concentration of P in solution. Such 
isotherms cannot, however, indicate the amount of solid phase 
present. The presence of impurities in solid phases can 
further complicate the interpretation of the isotherms be­
cause of the changes in the solubility products. 
Adsorption equations are very often used to describe the 
sorption of P by soils and are useful in gaining understanding 
of the sorption process and in summarizing many results in a 
few numbers (Barrow, 1978). To obtain the data necessary to 
construct adsorption isotherms, solutions containing various 
concentrations of P are added to equal portions of soil and 
allowed to equilibrate with either continuous or intermittent 
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shaking. After equilibration, the solutions are analyzed 
for P and from the differences between the initial P concen­
trations and those after equilibration, the amounts of P 
sorbed by a unit amount of soil are calculated. From the 
results obtained, sorption isotherms are constructed accord­
ing to one of several equations. 
An equation commonly used to describe the sorption of P 
by soils is the Langmuir equation (Olsen and Watanabe, 1957): 
X = k c/(l + k c) 
where x is the amount of P adsorbed per unit soil, c is the P 
concentration in solution, x_ is the maximum amount of P that 
m 
can be adsorbed by soil and k is a coefficient related to the 
energy of bonding. There are three important assumptions in 
using the Langmuir isotherm (Adamson, 1976): (1) the energy 
of adsorption is constant and independent of the amount of P 
sorbed, (2) adsorption occurs on localized sites with no 
translational motion of adsorbed molecules,.(3) x^  corresponds 
to a complete monomolecular layer. However, deviation of the 
isotherms from linearity indicates that one or more of the 
assumptions is not valid for the sorption of P by soils. 
The other equation that has been widely used to describe 
the sorption of P by soils is the Freundlich equation. 
Originally an empirical equation, the Freundlich equation in 
log form is: 
log X = log I + S'log c 
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where I is the amount of adsorbed P required to maintain a 
unit concentration of P in the solution phase and S is slope 
of the isotherm. Adherence to the Freundlich equation may 
indicate an exponential decrease in the affinity of P for the 
surface with increasing amounts of sorbed P (Barrow, 1978). 
The Freundlich equation frequently describes the sorption of 
P well but it does suffer from several problems; since the 
linear plots are the results of logarithmic transformations 
of the data, the values resulting from the dilute solutions 
are given a high weighting; the equation does not consider 
indigenous P; and the equation does not predict any maximum 
amount of sorption. The equation can be modified to include 
the amount of indigenous P (Barrow, 1978). 
The Tempkin equation is another equation that has been 
used to describe the sorption of F by soils (Bache and 
Williams, 1971). In linear form, it is written as: 
X = In (^ 2 c) 
where and K2 are coefficients. Adherence to the Tempkin 
equation implies a linear decrease in adsorption energy with 
increasing P sorption. Phosphorus sorption data plotted ac­
cording to the Tempkin equation frequently result in gentle 
curves, rather than straight lines required by theory (Bache 
and Williams, 1971; Singh and Tabatabai, 1976). Such curves 
may be useful in comparison of P sorption but they reveal 
little physical information. 
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Efforts to better describe the sorption of P by soils has 
led some researchers to modify the Langmuir and Freundlich 
equations. Holford et al. (1974) found that a double Langmuir 
equation was effective in describing the sorption of P by 
soils with pH values > 5.0. The equation was of the form; 
X = [a'x^  c/(l + a'c)] + [a"x^  c/(l + a"c)] 
where the superscripts denote different surfaces. Adherence 
to a double Langmuir equation would suggest that two surfaces 
having different properties are active in sorbing P. 
Adsorption isotherm studies of P sorption by soils rely 
on the sorption process reaching equilibrium. However, most 
systems, if allowed to react longer, would show increased 
sorption; an initial fast reaction occurs, after which a slow 
reaction continues to remove P from solution. To better de­
scribe the sorption of P by soils, often other methods are 
employed to add the dimension of time to the model describing 
P sorption. One such modification involves incorporation of 
a time dependent term in the Langmuir or Freundlich model 
(Kuo and Lotse, 1972, 1973, 1974). The equation based on the 
Langmuir model is written: 
'x ; B : A> = 2 A k,t in (f^ ) 
where; 
A = [l/4 (C^  + M + - Cq 
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k 1 
B = 1/2 (Cq + M + 
and kj is the rate constant for adsorption, is the rate 
constant for desorption, is the P concentration in solu­
tion at time zero and M is the maximum monolayer surface 
saturation in terms of solution concentration. Phosphorus 
sorption by CaCO^  and Ca-kaolinite was described by this equa­
tion. Phosphorus sorption by hematite, gibbsite, and lake 
sediments was better described by a model based on the 
Freundlich equation: 
X = K Cq t"/"" 
where m and n are integers and K is a coefficient. Kuo and 
Lotse (1972, 1974) reported deviation from the Langmuir 
model at high P levels which was explained by an increase in 
the total negative potential of the surface and increased 
interaction between the sorbed phosphates. 
McLaughlin et al. (1977) proposed a method in which ad­
sorption isotherms are determined at various times and parti­
tioned into three simultaneous Langmuir isotherms. They ob­
served that only one of the three isotherms varied with time. 
This method was applied to hydrated ferric oxide gels and it 
remains to be seen if it is applicable to soils. 
Enfield et al. (1975) examined kinetic models of the 
sorption of P by soils based on a mass balance equation de­
scribing the movement of P through a soil system. The best 
fit with experimental data occurred with an analytical 
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solution of the mass balance equation which assumed sorption 
to be diffusion limited and that the relationship between 
soil solution concentration of P and the equilibrium concen­
tration of P at the soil surface to be described by the 
Freundlich or Langmuir equation. 
Kinetic models which consider the approach to equilibrium 
do have basic limitations. Rate constants derived from such 
studies would be limited to the concentration range in which 
the model of sorption is valid or be subject to approximation 
resulting from ignoring the slow sorption reactions (Olsen 
and Khasawneh, 1980). Kinetic models, however, may offer 
more insight into the actual process of P sorption by soils. 
Polyphosphates differ significantly from OP in their re­
actions with soils. Philen and Lehr (1967) found that OP 
reacts to form precipitates more quickly with clay minerals 
and hydrous oxides of Fe and A1 than do PP and TP, They pre­
dicted that added PP and TP would be more mobile than OP in 
soils. Khasawneh et al. (1974), however, showed that the 
sequestering of Fe and A1 by polyphosphates delayed, but did 
not prevent, the precipitation of polyphosphates in soils. 
Using the Freundlich model of adsorption, Elanchar and 
Hossner (1969b) showed that the sorption of PP and TP was 
generally higher than the sorption of OP by 32 Midwestern 
soi3s (TMP was not sorbed by these soils), Sutton and Larsen 
(1964), however, reported that, for six soils with high P 
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fixing ability, PP was less strongly sorbed than OP, but the 
soils had a larger capacity for PP sorption as determined by 
the Langmuir adsorption model. 
Polyphosphate-P in soils is generally as available as 
OP-P to growing plants. Polyphosphate-P may be more or less 
available to plants than OP-P depending on the soil composi­
tion and environment (Blanchar and Hossner, 1969a,b; Sutton 
and Larsen, 1964). If PP persists in a soil, hydrolysis may 
not be proceeding rapidly enough to supply OP to the plant 
root under cool conditions (Sutton and Larsen, 1964). Poly­
phosphate-P may be more available than OP-P because of the 
slow hydrolysis of polyphosphate in the solid phase releasing 
OP. This OP released would be similar to fresh OP fertilizer 
application as compared to OP which has been in the soil for 
some time and has undergone slow reactions to form less 
available P. 
Phosphatases in Soils 
It is generally thought that higher plants can only 
appreciably absorb P in the form of OP, Organic P and poly­
phosphate P in soils must be converted to OP to become avail­
able to plants. Many organic P and polyphosphate P compounds 
are very stable and hydrolyze very slowly to yield OP if 
catalysts are not present. Phosphatases, enzymes which 
catalyze the hydrolysis of esters and anhydrides of phosphoric 
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acid, are present in most soils and aid in the release of OP 
from organic P and polyphosphate sources. Because of their 
role in the availability of OP, phosphatases in soils have 
received considerable attention. 
In general, five groups of phosphatases are classified 
by the Commission on Enzymes of the International Union of 
Biochemistry (Florkin and Stotz, 1973). These include: 
phosphoric monoester hydrolases (EC 3.1.3), phosphoric di-
ester hydrolases (EC 3.1.4), phosphoric triester hydrolases 
(EC 3.1.5), hydrolases of acid anhydrides in phosphoryl-
containing anhydrides (EC 3,6,1), and enzymes acting on P-N 
bonds (EC 3.9). With the exception of the activity of the 
enzymes acting on P-N bonds, the activity of all these enzymes 
have been detected in soils (Speir and Ross, 1978). 
Methods for assaying activities of phosphatases hydro-
lyzing organic esters of phosphoric acid rely on either de­
termining the OP or the organic moiety released upon hydroly­
sis. Because of fixation of OP by soils, determining the 
organic moiety released is the preferred method. An artifi­
cial organic P compound containing g-nitrophenyl as the or­
ganic moiety has been commonly used for such assays. Assay­
ing phosphatases acting on phosphoryl-containing anhydrides 
(i.e,, pyrophosphatases) have generally relied upon the re­
lease of OP (Tabatabai, 1982), A recently developed proce­
dure for accurate determination of OP in the presence of 
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labile P compounds permitted assaying pyrophosphatase activity 
in soils (Dick and Tabatabai, 1977b, 1978). 
In characterizing enzymes in soils, kinetic parameters 
of the reaction catalyzed are often determined. If an 
enzymic reaction follows simple kinetics, the rate of reac­
tion, V, can be described in terms of the substrate concen­
tration, [s], by the Michaelis-Menten equation: 
^  ^  [ = ] )  
where V is the maximum velocity of the reaction and K is 
max m 
the Michaelis-Menten constant of the enzyme. The maximum 
velocity is dependent on the amount of enzyme present, while 
is a constant characteristic of the enzyme and is inde­
pendent of the amount of enzyme present. The Michaelis con­
stant is equal to the substrate concentration at which 
the reaction velocity is equal to one-half the maximum 
velocity. Any enzymic reaction that can be described by 
this equation will be first-order reaction with respect to 
substrate concentration at low levels of substrate, but will 
become a zero-order reaction at high substrate levels (i.e., 
rate is nearly independent of substrate concentration). 
There are three different linear transformations of the 
Michaelis-Menten equation which are convenient for plotting 
experimental data in order to determine the values of 
max 
and for enzymic reactions. These three transformations 
can be written as follows: 
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1 = _i_ + 
[S] 
1 Lineweaver-Burk transformation 
max. 
= —— + — • [S] Hanes-Woolf transformation 
max max 
V = V 
max 
The Lineveaver-Burk transformation is convenient, especially 
in studies involving enzyme inhibition. The Eadie-Hofstee 
transformation is more sensitive to deviations from Michaelis-
Menten kinetics than is the Lineweaver-Burk transformation 
and is preferred for determining values (Irving and Cos-
grove, 1975). 
Deviations from Michaelis-Menten kinetics for soil phos­
phatases can occur because of the nature of the activity or 
because of the microenvironment in which the activity is lo­
cated (Irving and Cosgrove, 1976). Allosteric phosphatases 
or the presence of more than one type of phosphatase exhibit­
ing the same kind of activity could be the causes of devia­
tions from Michaelis-Menten kinetics due to the nature of the 
activity. If the behavior of phosphatases in the soil is 
similar to a membrane-bound enzyme, causes of deviation from 
Michaelis-Menten kinetics due to the nature of the micro-
environment may include diffusion of substrate through an 
unstirred layer of solution around the soil matrix, electro­
static effects upon the charged substrate ions due to charges 
on the soil matrix, and internal diffusion of substrate within 
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the pores of the soil matrix. Sorption of the phosphate 
containing substrate by the soil matrix could also cause 
deviation from Michaelis-Menten kinetics. 
Factors other than the substrate concentration affect 
the rate of reactions catalyzed by phosphatases. The pH of 
the environment usually has a significant effect on the re­
action velocity, with most enzymes showing maximum activity 
at a certain pH. This variation in activity with pH may be 
due to the protonation or deprotonation of the active site 
of the enzyme (Lehninger, 1975). The pH at which maximum 
activity occurs in pure systems is generally lower than that 
of the enzyme in soils due to the difference in pH between 
the bulk solution and the solution immediately surrounding 
the solid particles of the soil. This has been demonstrated 
for the enzyme chymotrypsin in the presence of kaolinite 
(McLaren and Estermann, 1957), 
With a modified universal buffer, the optimum pH values 
reported for phosphatases in soils ranged from pH 6,5 for 
acid phosphatase to pH 11 for alkaline phosphatase (Eivazi 
and Tabatabai, 1977). Phosphodiesterase was reported to have 
a maximum activity in two alkaline soils at a buffer pH of 
10 (Eivazi and Tabatabai, 1977), while pyrophosphatase ex­
hibited maximum activity at buffer pH values from 7 to 8 for 
soils having pH values from 6.2 to 7.0 (Dick and Tabatabai, 
1978). 
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Increasing the incubation temperature of a mixture of 
soil and substrate has two important effects on the rate of 
a reaction catalyzed by enzymes. The first effect is to 
increase the reaction rate due to greater thermal motion and 
thus more molecules having the energy required to overcome 
the potential energy barrier of the reaction (i.e., the ac­
tivation energy). The activation energy (E^ ) is described 
by the Arrhenius equation: 
k = A • exp(-E^ /5R T) 
where k is the rate constant, A is the preexponential factor, 
R is the gas constant and T is the absolute temperature. 
can be determined from the logarithmic form of the Arrhenius 
equation: 
log k = (-E^ /2.303 R) • (l/T) + log A 
A plot of log k versus T~^  would result in a line with slope 
-E^ /2.303R, from which the value of E^  can be calculated. 
A second important effect of temperature on the rate of 
reactions catalyzed by enzymes is that, because of the pro-
teinaceous nature of enzymes, increasing temperature of in­
cubation will eventually lead to thermal deformation of the 
enzyme structure and the subsequential inactivation of the 
enzyme. Thus, many enzymes show maximum activity at a par­
ticular temperature. Increasing the temperature up to this 
optimal temperature increases the reaction velocity due to 
thermal motion, but above this temperature, inactivation of 
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the enzyme occurs. Temperatures at which soil enzymtîs begin 
inactivation usually range from 55 to 65°C (Tabatabai, 1982). 
Trimetaphosphatase 
Because of the unique properties of TMP, the hydrolysis 
reaction of TMP in soils is of considerable interest. The 
enzyme catalyzing the hydrolysis of TMP, trimetaphosphatase, 
causes the formation of TP (Romberg, 1956): 
0 0 0 0 0 
_ II II II 
O I I 0 Trimetaphosphatase 0 — P — 0 — P — 0—P — 0 
 ^  ^ , I I P P 
/_ "o " 
0 0 
0 0 0 
TMP TP 
Romberg (1956) confirmed this reaction using enzyme extracted 
from yeast cells, Phosphorus-32 labelled TMP was incubated 
with trimetaphosphatase extracted from yeast cells for 0, 45 
and 90 minutes at 37°C. Chromatographic separation revealed 
that the amount of TMP decreased and the amDunt of TP in­
creased with time of incubation, Blanchar and Hossner (1969a) 
also reported an increase in the amount of TP when 4 g of 
soil were incubated with 1 ml containing 1600 fig of TMP-P at 
25°C for 1 day, Mattenheimer (1956), using paper chroma­
tography to separate TMP and the products of enzymically 
catalyzed hydrolysis, demonstrated the production of TP, 
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Several researchers have partially characterized tri­
metaphosphatase activity in various biological materials. 
With only a few exceptions, these studies have relied upon 
the production of OP as an indicator of trimetaphosphatase 
activity. Orthophosphate is generally released from TMP 
upon hydrolysis, but not directly from the action of trimeta­
phosphatase. Rather, OP is released from the hydrolysis of 
TP produced from the action of trimetaphosphatase on TMP 
(Berg and Gordon, 1960)i 
0 0 0 Triphos- 0 0 0 
— " " " — phatase " — _ U " — O-P-O-P-O-P-0 P ^ fc O-P-0 + O-P-O-P-0 
l_ I- l_ I- I_ I_ 
0 0 0 0 0 0 
TP OP pp 
0 0 0 
" II _ II _ 
0 —P—0—P —0 Pyrophosphatase 2 o "" P ~ 0 
o" o" o" 
PP OP 
Thus, the release of OP from TMP is dependent on two or three 
enzymes: trimetaphosphatase, triphosphatase and pyrophospha­
tase. Therefore, determination of the OP released TMP is not 
necessarily an index of trimetaphosphatase activity. 
As with other enzymes, trimetaphosphatase activity is 
affected by various factors. Because of protonation and de-
protonation of the active site of this enzyme, the pH of the 
medium may have a considerable effect on its activity. 
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Partially purified trimetaphosphatase from yeast show optimal 
activity at pH 7 (Meyerhof et al., 1953). The activity of 
trimetaphosphatase extracted from intestinal mucosa is op­
timum at pH 4 (Berg and Gordon, I960), while trimetaphospha­
tase activity in soybean (Glycine max L. Merrill) hypocotyl 
extracts is optimum at pH = 4.6 (Stossel et al., 1981). 
Studies on the effect of temperature (Meyerhof et al., 
1953) showed that trimetaphosphatase activity in an extract 
of yeast lost 40% of its activity when incubated for 3 h at 
33°C. In other studies, Pierpoint (1957) showed that tri­
metaphosphatase activity of pea extracts was partially inac­
tivated by incubating at 48.5°C for 27 min or more. Other 
work showed that trimetaphosphatase activity in extracts of 
intestinal mucosa decreased after incubating for 2 h at 40°C 
Berg and Gordon, 1960). Placing excised porcine intestine 
in boiling water for 5 min destroys its trimetaphosphatase 
activity (Ivey and Shaver, 1977). 
Another factor that may affect the activity of trimeta­
phosphatase is the absence of certain cations. Many enzymes 
require the presence of a cation, usually divalent, to main­
tain the structural arrangement required for activity. Meyer­
hof et al. (1953) presented evidence that trimetaphosphatase 
from yeast was activated by Mg^ *, Mn^ *, Co^ *, Zn^ *, and Ni^ *. 
However, Mattenheimer (1956), using a method not dependent 
2+ 
on OP release, found that Mg did not activate trimetaphos-
34 
phatase in a yeast extract. Trimetaphosphatase activity of 
2+ pea extract also was not affected by Mg (Pierpoint, 1957). 
Trimetaphosphatase from intestinal mucosa was also inactivated 
2+ by Mg , but triphosphatase in the same extract was activated 
by Mg^ ,^ Co^ *, Mn?*, and Ca^ * (Berg and Gordon, 1960). This 
may explain the results of Meyerhof et al. (1953) in that the 
production of OP relies on the enzyme triphosphatase. There­
fore, if triphosphatase activity is limiting the production 
of OP, increased amounts of Mg (and other divalent cations) 
may increase the production of OP without affecting the ac­
tivity of trimetaphosphatase. 
Few references of the effect of substrate concentration 
on the rate of enzymic hydrolysis of TMP are reported in the 
literature. This is due, at least in part, to the reliance 
on OP production as an indicator of enzyme activity. In an 
enzyme preparation from yeast, the rate of hydrolysis of TMP 
continued to increase above a TMP concentration of 0,1 M 
(Meyerhof et al., 1953), Berg and Gordon (1960), however, 
reported maximum trimetaphosphatase activity at a TMP concen­
tration of 2,7 X 10 ^  M, 
Recently, trimetaphosphatase activity of various tissues 
has received renewed interest, A histochemical staining pro­
cedure is described by Berg (1960) that uses lead acetate to 
precipitate the reaction products. This procedure involved 
incubating the prepared tissue with lead acetate and TMP. 
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As the TMP hydrolyzed to TP, and subsequently, to PP and OP, 
2+ precipitates of Pb formed at the site of enzyme activity. 
Examining the tissue with an electron microscope reveals the 
lead precipitates, and thus, the site of enzyme activity. 
The presence of trimetaphosphatase activity in soils has 
been known for some time. Rotini and Carloni (1953) reported 
the release of OP when TMP and soil were incubated. They 
noted that less OP was released from soil heated to 105°C 
than untreated soil. This suggested that heating of the soil 
did not completely destroy the enzyme activity and/or con­
siderable amount of TMP was hydrolyzed by nonenzymic catalysis 
in the unheated soils. In a survey of 32 soils, Blanchar and 
Hossner (1969b) showed that, with the exception of two soils, 
the TMP added (1600 tag TMP-P/4 g soil) hydrolyzed after 1 day 
at 25°C. No method is available, however, to characterize 
the enzymic and nonenzymic catalysis of trimetaphosphate in 
soils. 
Determination of Trimetaphosphate 
To study the enzymic and nonenzymic hydrolysis of TMP in 
soils, a method is required that allows determination of TMP 
or the reaction products. Trimetaphosphate has several prop­
erties that are important in the analysis of TMP or its hy­
drolysis products. These include: shallow absorbance maxima 
at 200 nm and 280 nm and sharply increasing absorption <200 
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nm in the uv range (Halmann, 1957); high solubility in the 
presence of Ba^  ^and Ag^  (Halmann, 1957); hydrolysis in the 
presence of certain cations (Watanabe et al., 1975); and hy­
drolysis in acidic and basic media (Watanabe et al., 1975). 
These properties could provide the basis for determining the 
amount of TMP hydrolyzed. 
Because of the differences in solubility between TMP 
and most other inorganic phosphates, most studies on the 
hydrolysis of TMP have employed a precipitation agent such 
as BaClg to remove OP and linear polyphosphates before an­
alysis for TMP. Jones (1942) proposed adding 15 ml of 50 rrM 
BaClg to approximately 50 mL of solution containing ca. 50 mg 
of PgOg to precipitate orthophosphate and linear polyphos­
phates. To ensure precipitation of the undesired phosphates, 
the reaction of the solution was adjusted to pH 8. Most of 
the experiments, however, involved analyzing small amounts of 
TMP in the presence of large amounts of other phosphate com­
pounds. The recovery of TMP was not consistent. Dewald and 
Schmidt (1952) reported that the method of Jones (1942) gives 
accurate results for the analysis of TMP in the presence of 
long-chain polyphosphates, triphosphate and low levels of 
pyrophosphate, but gives low results in the presence of large 
amounts of pyrophosphate. Healy and Kilpatrick (1955), using 
the method of Jones (1942), could not obtain complete precipi­
tation of OP without coprecipitating some TMP. They obtained 
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acceptable results by adjusting the pH of the TMP solution 
to the endpoint of thymolphthalein indicator (9.4-10.6) and 
adding 1 itiL of 1 M BaClg to 15 mL of the TMP solution. 
Trimetaphosphate, OP, and linear polyphosphates have 
also been determined by separating the compounds with chromato­
graphic techniques. Ebel (1954) described a bidimensional 
paper chromatographic technique which separated TMP from the 
other polyphosphates, but this method was not quantitative 
because of poor resolution and hydrolysis during development 
of the chromatogram. Modified procedures of this technique 
were developed by Watanabe et al. (1975) and Trimm et al. 
(1980). Blanchar and Hossner (1959a) employed a simple anion 
exchange resin column in conjunction with a Technicon Auto-
Analyzer to separate and analyze TMP, TP, PP, and OP in soil 
extracts. The column contained 5 mL anion exchange resin 
(Dowex I-X8, CI form, 100-200 mesh) and was eluted with 
gradient elution of KCl and CHgOOOK solution. Recently, 
a high-performance liquid chromatographic technique (HPLC) 
was used to separate linear and cyclic polyphosphates (Yama-
guchi et al., 1979). Using a HPLC equipped with a Technicon 
Auto-Analyzer, analysis of a solution containing OP, TP, and 
TMP was accomplished in 3 h elution time. 
In evaluating these methods for assaying trimetaphospha-
tase activity in soils, several problems become evident. 
Directly determining the amount of products formed is pre­
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ferred to calculating the amount of product from the differ­
ence in the amount of TMP added and the amount of TMP remain­
ing after a certain reaction time. Calculating the amount of 
product by difference, however, will generally increase the 
uncertainty because the difference will be relatively small 
in comparison to the amount of TMP present. However, this is 
the only approach possible at the present. 
Determination of the amount of substrate (TMP) remaining 
could be accomplished by precipitating the hydrolysis products 
(OP, PP and TP) with BaClg solution and analyzing the solution 
for total P. The total P content should equal the amount of 
TMP remaining if TMP was not coprecipitated and the precipita­
tion of the hydrolysis products as well as indigenous P com­
pounds is complete. 
Because sorption of P fertilizers by soils is an impor­
tant factor in determining the availability of P to plants, 
and because work showed that TMP is not sorbed by soils (high 
mobility), studies of the factors affecting the fate of TMP 
in soil are required. Therefore, the objectives of this work 
were: (1) to assess the adsorption of polyphosphates by soils 
and clay minerals, (2) to develop a method for determination 
of trimetaphosphate added to soils, (3) to develop a method 
for assaying trimetaphosphatase activity of soils, and (4) to 
study the factors affecting trimetaphosphatase activity in 
soils. 
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PART I. ADSORPTION OF POLYPHOSPHATES BY SOILS 
AND CLAY MINERALS 
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INTRODUCTION 
Although orthophosphate and linear polyphosphates are 
adsorbed by soils, differences in their degree of adsorption 
have been reported. Sutton and Larsen (1964) concluded that 
pyrophosphate was less tightly bound to some soils of England 
than was orthophosphate, but that pyrophosphate had higher 
sorption capacity maxima as determined by the Langmuir adsorp­
tion model. Hashimoto et al. (1969) reported pyrophosphate 
was more strongly adsorbed by soils than orthophosphate. 
Blanchar and Hossner (1969a) compared the adsorption of vari­
ous phosphates by soils and reported that pyrophosphate was 
more strongly adsorbed than triphosphate, and that triphos­
phate was more strongly adsorbed than orthophosphate. 
Polyphosphates in soils are derived from fertilizer 
application or from microbial synthesis. Typical granular 
ammonium polyphosphate fertilizer has been reported to con­
tain 41% orthophosphate-P, 54% pyrophosphate-P, 4% triphos-
phate-P and 1% longer chain polyphosphate-P (Hashimoto andLehr, 
1967). Liquid ammonium polyphosphate fertilizers may contain 
yet higher proportions of triphosphate-P and longer chain 
polyphosphate-P. The presence of polyphosphates in phosphate 
fertilizers is advantageous in that it will result in a higher 
P analysis and also sequester some micronutrients (e.g., Mn, 
Zn) and prevent their precipitation when present in liquid 
fertilizer solutions. In a study of native polyphosphates 
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in soils, Ghonsikar and Miller (1973) reported that from 5.0 
to 11.1 jig polyphosphate-? g~^  soil could be extracted with 
0.5 N perchloric acid. Incubating glucose-amended soils with 
excessive amounts of orthophosphate resulted in an increase 
in extractable polyphosphate-?, but the structure of the 
polyphosphate extracted was not identified. The major 
source of polyphosphate in soils, however, is that added in 
fertilizers. 
Most studies on adsorption of phosphate by soils involve 
the use of orthophosphate and pyrophosphate. Information on 
the relative adsorption of various chain-length polyphosphates 
by soil is desired for a better understanding of their be­
havior in soil systems. Therefore, this work was initiated 
to study the adsorption behavior of orthophosphate and vari­
ous chain-length polyphosphates by soils and clay minerals. 
Additional objectives were to assess the adsorption model(s) 
that describe the adsorption of the polyphosphates by soils 
and to study the factors affecting this adsorption. 
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MATERIALS AND METHODS 
Soils 
The soils used in this work (Table 1) were surface (0-
15 cm) soils selected to give a range in chemical and physi­
cal properties. After collection, the soils were passed 
through a 6-mm sieve and a portion of each soil was placed 
in a plastic bag, stored at 5°C and used in the studies re­
ported in Part III. Another portion of each soil was allowed 
to air dry at room temperature, passed through a 2-mm sieve 
and was stored in closed glass containers. A subsample of 
the air-dried soil was ground to pass through a lOO-mesh 
sieve (150 fxm) for chemical analysis. 
For the analyses reported in Table 1, the pH was deter­
mined by a combination glass electrode (soil:water ratio of 
1:2.5), organic C by the method of Mebius (1950), total N by 
a semimicro-Kjeldahl procedure (Bremner, 1960), inorganic and 
organic P by the method of Olsen and Dean (1965) as modified 
by Chae and Tabatabai (1981), and total P by the method of 
Dick and Tabatabai (1977a). Exchangeable K was determined by 
the method of Pratt (1955), and exchangeable Mg and Ca by 
the method of Heald (1965). The cation exchange capacity was 
measured by the method of Chapman (1965). Dithionite-extract-
able Fe and A1 were determined by the method of Jackson (1956) 
but using atomic absorption spectrophotometry for the analysis 
Table 1. Properties of the soils used 
(3 Organic Total 
Phosphorus^  Extractable^  
Soil pH C N 0 I Fe A l  
%. soi 1 soil P9'9 ing-g 
Clarion 5.9 1.43 0.155 233 210 5.34 1.00 
Hayden 5.3 1.68 0.201 218 122 2.82 0.43 
Muscatine 6.7 2.05 0.220 322 184 5.32 0.87 
Webster 6.1 3.32 0.337 368 114 2.80 0.53 
Lester 6.5 3.78 0.400 402 140 3.51 0.69 
Harps 7.7 3.85 0.401 319 415 0.75 0.25 
0^, organic phosphorus; I, inorganic phosphorus. 
S^odium dithionite-extractable Fe and Al. 
Sfater-extractable Ca and Mg. 
C^larion, fine-loamy, mixed mesic Typic Hapludollsj 
Hayden, fine-loamy, mixed, mesic Typic Hapludalfs; Muscatine, 
fine-silty, mixed, mesic Aquic Hapludollsj Webster, fine-
loamy, mixed, mesic Typic Haplaquolls; Lester, fine-loamy, 
mixed, mesic Mollic Hapludalfs; Harps, fine-loamy, mesic 
Typic Calciaqulls. 
®SA, surface area. 
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c  Extractable Exchangeable 
Ca Mg K Ca Mg CEC Clay Silt Sand SA® 
—fig* — 1 • _ g soil —ceq'Kg"^  soil m^ /g 
15.7 23.1 99 11.0 3.2 16.3 27 11 62 123 
17.5 22.4 121 10.5 2.0 13.8 16 50 34 76 
21.5 30.6 396 20.6 5.4 28.4 33 57 10 184 
22.2 38.0 195 22.0 5.6 29.9 30 29 41 178 
23.9 44.9 306 21.4 6.6 30.7 30 30 33 188 
62.5 51.0 122 — 30.7 30 34 36 210 
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of Fe and Al, Water-soluble Ca and Mg contents of the soils 
were determined by shaking 2 g of soil with 30 mL of water in 
a 50-mL plastic centrifuge tube for 30 min, centrifuging the 
resulting suspension (1 minute at 10,000 G), and determining 
the Ca and Mg in the supernatant by atomic absorption spectro­
photometry. Inorganic C was determined by the method of 
Bundy and Bremner (1972), the surface areas by the method 
described by Klein (1981), and particle-size distribution by 
the pipette method of Kilmer and Alexander (1949). The finely 
ground soil samples (<100 mesh) were used in determination of 
organic C, total N, organic P, inorganic F and total P, while 
the <2 mm samples were used in the other analyses reported 
in Table 1. 
Clay Minerals 
The two clay minerals studied, kaolinite (Peerless No. 2 
kaolin from South Carolina) and illite (grundite illite from 
Illinois Clay Products Co., Joliet, II), were kindly provided 
by Dr. A. D. Scott, Department of Agronomy, Iowa State Univer­
sity, Ames, Iowa. They were converted to the Na-homoionic 
form by suspending the clays overnight in M sodium chloride 
solution. Using a large Buchner funnel, the clays were fil­
tered and washed with several 25 mL portions of M sodium 
chloride solution until a negative test for Ca was obtained. 
They were then washed with 50 mL of 80% ethanol and 25 mL of 
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95% ethanol. The clays were dried at room temperature and 
the resulting cake was gently crushed into a fine powder. 
Phosphate Compounds 
Phosphate stock solution 
A solution (1000 (j,g P mL"^ ) of each phosphate compound 
was prepared by dissolving each of the following in ca. 80 mL 
portions of deionized water; 
Orthophosphate (P^ ) - 0.458 g Nag HPO4 (P = 1) 
Pyrophosphate (P2) - 0.720 9 Na^ PgO?•lOHgO (P = 2) 
Triphosphate (P3) - 0.396 g ^ 5^^ 3°10 (P 3) 
Polypho sph at e (P5) - 0.369 g Na^ PgOie (P = 5± 2) 
Po1ypho sphate (P15) - 0.342 g N^17^15°76 (P = 15 ± 3) 
Polyphosphate (^ 25) - 0.337 g ^ 2^7^ 25^ 76 (P 25 ±4) 
Polyphosphate (P35) - 0.335 g ^^ 37^ 35°106 (P = 35 ±4) 
Polyphosphate (P45) - 0.334 g ^ 4^7^ 45^ 136 (P 
= 45 ± 5) 
Polyphosphate (^ 65) - 0.321 g ^ 6^7^ 65°196 (P 
= 65 ± 5) . 
The pH of each solution was adjusted to 7.0 by addition of 
0.1 N sulfuric acid and the volume was made to 100 mL. The 
orthophosphate and pyrophosphate used were Baker certified 
reagents (J. T. Baker Chemical Co., Phillipsburg, NH) and 
the triphosphate and the longer chain polyphosphates were 
obtained from Sigma Chemical Co. (St. Louis, MO). 
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Phosphate solutions 
Five standard working solutions (10, 20,  30, 40, and 50 
|ig P mL of each phosphate compound were prepared by plac­
ing 2, 4, 6, 8, or 10 iriL aliquot, respectively, of the phos­
phate stock solutions into a 200-mL volumetric flask, adding 
4 mL 0.25 M KCl and adjusting the volume with deionized water. 
These solutions were 0.005 M with respect to KCl. 
Procedure 
Samples of air-dried soils (2.50 g) were placed in 50-mL 
plastic centrifuge tubes, each was treated with 1.5 mL of de­
ionized water, autoclaved for 1 h at 121°C, and dried at 65°C 
for 18 h. The phosphate adsorption values were obtained by 
equilibrating the soil sample with 25 mL of each of the 
phosphate solutions. The equilibration tubes were stoppered 
and placed horizontally in a temperature-controlled (25°C), 
reciprocating shaker with the shaking speed maintained at a 
rate great enough to keep the soil particles in suspension. 
After the equilibration time, the tubes were unstoppered and 
centrifuged at 12,000 x g for 5 min. Unless otherwise indi­
cated, the time of equilibration was 5 h. 
An aliquot of the equilibrating solution was added to a 
25-mL volumetric flask and the amount of orthophosphate was de­
termined by the method of Dick and Tabatabai (1977b). The ammo­
nium molybdate reagent and the sodium citrate-sodium arsenite-
acitic acid reagent were prepared at 150% of the recommended 
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concentrations because of the high levels of polyphosphate 
present (Dick and Tabatabai, 1978). Another aliquot was 
added to a 25-mL volumetric flask and sufficient amount of 
6 N sulfuric acid was added to make the solution 1 N with 
respect to sulfuric acid. The volumetric flask was then 
placed on a steam plate (85°C) for one hour to facilitate the 
hydrolysis of the polyphosphate to orthophosphate (prelimi­
nary studies showed that hydrolysis of polyphosphate to ortho-
phosphate was complete after 1 h). The flask was removed 
from the steam plate and enough 6 N sodium hydroxide solution 
was added to just neutralize the sulfuric acid (using phenol-
phthalein as an indicator), The analysis for orthophosphate 
was performed by the method of Murphy and Riley (1962). 
The amount of orthophosphate-P before and after the acid 
hydrolysis was calculated, with the difference being the 
amount of polyphosphate-? in solution. The amount of poly­
phosphate-? adsorbed by the soil was calculated by subtract­
ing the amount of polyphosphate-? in the equilibration solu­
tion from that added to the soil sample. In studies of ad­
sorption of orthophosphate, the hydrolysis step was not 
included. 
The adsorption of phosphates by these clay minerals was 
studied in the same manner as for soils but with the follow­
ing modifications; 1 g of clay mineral was placed in each 
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centrifuge tube; clays were not steam sterilized; tubes were 
centrifugea for 10 min after equilibration and the super-
natants were passed through 0.45 jam Millipore filters (Milli­
pore Corporation, Bedford, MA) before analysis. 
All analyses reported are averages of duplicate 
determinations. 
50 
RESULTS AND DISCUSSION 
Considerable amounts of orthophosphate and linear poly­
phosphates were adsorbed from equilibration solutions by the 
soils and clay minerals examined. Because it is known that 
certain linear polyphosphates are hydrolyzed in soils, auto-
claved soil samples were used throughout the work reported 
in this part (Tabatabai and Dick, 1979). The method used 
for determination of polyphosphate after acid hydrolysis re­
covers the trace amount of orthophosphate present in the 
equilibrium solutions (derived mainly from soil). Therefore, 
the amount of polyphosphate determined after acid hydrolysis 
was corrected for the amount of orthophosphate present before 
acid hydrolysis. For convenience, the results obtained will 
be discussed under separate headings according to the factors 
or conditions studied. 
Time of Equilibration 
The adsorption of phosphate by soils is known to be time 
dependent (Barrow, 1978). The effect of the time of equili­
bration on the amount of OP or polyphosphate adsorbed was 
examined by equilibrating a solution (25 mL) containing 10 ng 
of P/mL as OP, PP, TP or polyphosphate (P35) with Lester and 
Clarion soils (2.5 g) for time ranging from 1 to 8 hours at 
25°C. Results showed that, in general, maximum adsorption of 
P was achieved after one hour of equilibration (Figure l). 
Figure 1, Effect of time of equilibration on adsorption of 
orthophosphate (Pi), pyrophosphate (P2), triphos­
phate (P3), and long-chain polyphosphate (P35) 
by Lester and Clarion soils 
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Nevertheless, an equilibration time of 5 h was chosen for the 
remaining adsorption studies in order to complete the adsorp­
tion reactions and to minimize the hydrolysis of the poly­
phosphates used. Although the amount of adsorbed P appears 
to have reached a state of equilibrium, this does not pre­
clude the possible adsorption of P at a slower rate nor the 
slow conversion of the adsorbed phosphates to more stable 
solids (Barrow and Shaw, 1975). These reactions, if occurring, 
must have sufficiently slow reaction rates such that their ef­
fects were not large enough to be detectable in this time 
scale. 
Adsorption Isotherms 
The amount of P adsorbed by soils increased nonlinearly 
with the concentration of P in solution for OP and the poly­
phosphates examined. The dependence of the amount of ad­
sorbed P on the solution concentration is illustrated for 
Clarion soil in Figure 2. This graph illustrates the con­
siderable variation in the degree of adsorption of OP and 
polyphosphates by soils. Adsorption of the phosphate com­
pounds generally increased with the number of phosphate units 
per molecule with one notable exception, namely, PP. Pyro­
phosphate was intensely adsorbed by Clarion soil, especially 
at lower concentrations. Adsorption of polyphosphates with 
>25 phosphate units per molecule were very similar. All of 
Figure 2. Effect of phosphate chain length (P2-P25) on the relationship 
between phosphate equilibrium solution and adsorption by Clarion soil 
ni 1 1 L_ 
"o 10 20 30 
EQUILIBRIUM CONCENTRATION (jug P ml'h 
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the P compounds showed a diminished rate of increase in the 
amount of P adsorbed with increasing equilibration P concen­
tration, Similar relationships were obtained with the other 
soils and clay minerals studied (Tables 17-24, Appendix). 
Obtaining equations which would describe the adsorption 
of P by soils would be useful in summarizing these many re­
sults in a few numbers and would aid in understanding the ad­
sorption process (Barrow, 1978). Two of the most commonly 
employed equations are the Langmuir equation (Olsen and 
Watanabe, 1957) and the Freundlich equation (Russell and 
Prescott, 1916). The Langmuir equation has been recommended 
over the Freundlich equation because an affinity coefficient 
and an adsorption maximum can be calculated (Olsen and 
Watanabe, 1957). The Freundlich equation, however, is fre­
quently more precise in describing phosphate adsorption by 
soils (Barrow, 1978). Although the equation assumes no ad­
sorption maximum nor results from any particular mechanism of 
reaction, conformation to the Freundlich equation does imply 
that the affinity to adsorb more ions decreases exponentially 
with the amount of P adsorbed (Kayward and Trapnell, 1954). 
The data of the adsorption of phosphates by soils and 
clay minerals were plotted according to the following form 
of the Langmuir equation: 
c/x = 1/k + (l/x^ )c 
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where c is the concentration of P in the equilibration solu­
tion, X is the amount of P adsorbed by 1 g of soil, k is- an 
affinity coefficient and is an adsorption maximum. The 
Langmuir adsorption isotherms resulting from the data of the 
adsorption by Clarion soil of OP and the polyphosphates are 
shown in Figures 3 and 4. Similar plots were obtained for 
adsorption of these phosphates by the other five soils studied. 
Plotting the data according to the Langmuir equation was ef­
fective in linearizing the data and further illustrating the 
variations in adsorption between the phosphate compounds. 
The resulting values of k, the affinity coefficient, and x^ , 
the adsorption maximum, for the adsorption of the phosphate 
compounds by the six soils are presented in Table 2. As was 
apparent from the nonlinear adsorption isotherms (Figure 2), 
the affinity coefficient values reveal low affinity of soils 
for OP, high affinity for PP, and intermediate affinities 
for TP and longer chain polyphosphates (Table 2). It is also 
evident from the affinity coefficients and the adsorption 
maxima that there is a general trend of decreasing affinity, 
but increasing adsorption capacity with increasing chain 
length of the polyphosphates with >3 phosphate units per 
molecule. 
The affinity coefficients and adsorption maxima for the 
two clay minerals examined are presented in Table 3. In gen­
eral, the affinity coefficients of phosphate adsorption by 
Figure 3. Langmuir isotherms for adsorption of orthophosphate (F^ ), pyrophosphate 
(P2), triphosphate (P3), and long-chain polyphosphate (Pg) by Clarion 
soil 
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Table 2. Effect of chain length of polyphosphates on con­
stants of Langmuir and Freundlich isotherms for 
P adsorption by soils 
Soil 
Phos­
phate* 
Langmuir Freundlich 
m^ k 
r2 I r2 
180 (17.4) 0.095 0.97 27 0.98 
430 (27.6) 0.77 1.00 170 0.98 
300 (16.0) 0.45 0.99 107 0.99 
330 (14.7) 0.54 0.94 132 0.90 
560 (20.4) 0.23 0.99 110 0.95 
710 (24.8) 0.16 0.95 102 0.99 
1100 (37.4) 0.10 0.94 102 0.99 
910 (30.6) 0.13 0.98 105 0.99 
910 (30.2 0.14 0.97 112 0.99 
110 (10.6) 0.049 0.89 9 0.89 
380 (24.5) 0.24 0.98 95 0.98 
180 (9.7) 0.29 0.98 59 0.95 
240 (10.8) 0.23 0.98 72 0.99 
360 (13.1) 0.23 0,99 89 0.99 
420 (14.6) 0.22 0.97 87 0.97 
480 (16.3) 0.19 0.99 87 0.96 
670 (22.6) 0.21 1.00 69 0.87 
630 (20.1) 0.17 1.00 85 0.94 
Clarion 
Hayden 
,15 
,25 
,35 
,45 
65 
,25 
,35 
,45 
65 
the adsorption maximum (jig P g~^  soil); k, the 
affinity coefficient (mL fig"^  P) ; r^ , coefficient of deter­
mination. Figures in parentheses are maximum possible nega­
tive charges (p,Faraday g"*^  soil) associated with the maximum 
adsorption. 
I^, the amount of adsorbed P required to maintain 1 jig 
P mL~^  of equilibrating solution. 
S^ubscript indicates number of P atoms per chain length. 
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Table 2. (Continued) 
Soil 
Phos­
phate 
Lanomuir Freundlich 
k r2 I r? 
260 (25. 2) 0.058 0.93 25 0.97 
530 (34. 2) 1.46 0.98 270 0.95 
380 (34. 9) 0.96 0.99 178 0.99 
560 (25. 2) 0.39 0.99 148 0.97 
1100 (40. 3) 0.097 0.76 95 0.95 
1100 (38. 3) 0.082 0.79 91 0.98 
1100 (37. 4) 0.10 0.94 100 0.99 
1000 (37. 1) 0.10 0.93 98 0.99 
1000 (36. 8) 0.12 0.93 105 0.98 
140 0.11 0.87 25 0.75 
560 0.41 0.92 158 0.82 
385 0.41 0.97 126 0.93 
500 0.26 0.98 110 0.96 
1300 0.079 0.66 93 0.96 
1600 0.055 0.71 87 0.99 
1300 0.0054 0.01 71 0.97 
_d 
— - 88 0.98 
1700 0.062 0.91 100 1.00 
230 0.093 0.96 34 0.98 
710 0.47 0.96 214 1.00 
500 0.29 0.84 126 0.91 
530 0.34 0.99 135 0.98 
1500 0.068 0.63 100 0.98 
1300 0.069 0.18 85 0.90 
2700 0.031 0.55 85 0.99 
3200 0.026 0.50 83 1.00 
-
- - 79 0.98 
830 0.031 0.84 30 0.99 
3100 0.084 0.10 240 0.94 
830 0.18 0.38 138 0.89 
1300 0.051 0.55 66 0.95 
2400 0.026 0.40 62 0.98 
2000 0.032 0.14 65 0.89 
- - - 43 0.99 
- - 43 0.99 
-
- - 51 0.98 
Muscatine 
Webster 
Lester 
Harps 
65 
i 
I 
,15 1 
e data do not obey the adsorption model. 
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Table 3. Effect of chain length of polyphosphates on con­
stants of Langmuir and Freundlich isotherms for 
P adsorption by clay minerals 
Clay 
mineral 
Phos­
phate 
Langmuir' 
m k 
Freundlich 
mite 
Kaolinite 
.15 
,25 
65 
,15 
,25 
,35 
,45 
65 
160 
430 
400 
590 
710 
630 
590 
450 
430 
160 
240 
230 
450 
670 
630 
770 
770 
830 
(15.5 
(27.8 
(21.5 
(26.7 
(26.0 
(21.9 
(20 .0  
(15.0 
(14.1 
(15.5 
(15.5 
(12.4 
(20.3 
(24.5 
(21.9 
(26.3 
(25.8 
(27.5 
0.14 
0.48 
0 .66  
0.36 
0.54 
0.47 
0.44 
1.40 
0.56 
0.11 
1.28 
10.1 
0.27 
0.58 
1.00 
0.62 
0.57 
0.55 
0.90 
1.00 
0.95 
0.98 
0.99 
1.00 
0.97 
0.99 
0.97 
0 .88  
0.99 
0.98 
0.98 
0.99 
1.00 
0.99 
0.98 
0.98 
41 
200 
150 
220 
280 
220 
240 
250 
230 
49 
190 
170 
190 
300 
320 
320 
310 
330 
0 . 8 2  
0.95 
0.79 
0.96 
0.85 
0.93 
0.93 
0.77 
0.89 
0.78 
0.73 
0.48 
0.94 
0.99 
0.96 
0.94 
0.93 
0.96 
the adsorption maximum (jig P g  ^soil); k, the 
affinity coefficient (mL jig"^  P)j r^ , coefficient of deter­
mination. Figures in parentheses are maximum possible nega­
tive charges (^ Faraday g~^  soil) associated with the maximum 
P adsorption. 
I^, the amount of adsorbed P required to maintain 1 (ig 
P mL ^  of equilibrating solution. 
S^ubscript indicates number of P atoms per chain length. 
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soils were lower than those of clay minerals. Adsorption 
maxima of polyphosphate were higher for Clarion, Musca­
tine, Webster, Lester, and Harps soils than those of the two 
clay minerals studied. Because the adsorption of phosphates 
by soils (Clarion, Hayden, and Muscatine soils) and the dry 
minerals obeyed the Langmuir equation, the possible negative 
charges ((j,Faraday/g of soil) associated with the maximum P 
adsorption were calculated (Tables 2 and 3). The results 
showed that, in general, as F atoms in linear polyphosphate 
increased, the negative charges associated with maximum P 
adsorption increased. 
Adsorption of some polyphosphates by Webster, Lester, 
and Harps soils was poorly described by the Langmuir equation 
2 
as is evidenced from the low r values (Table 2). Deviation 
from the Langmuir model may be due to removal of phosphate 
from solution by a mechanism(s) other than adsorption or by 
an adsorption mechanism not meeting the requirements of the 
Langmuir model. Adsorption of polyphosphates by Harps soil, 
a calcareous soil, was generally poorly described by the 
2+ Langmuir equation. Precipitation of phosphates with Ca 
would be expected, a process which would not necessarily be 
described by the Langmuir equation. 
The adsorption data were also plotted according to the 
following form of the Freundlich equation; 
log X = log I + S-log c 
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where log I is the intercept and S is the slope of the linear 
relationship between log of the amount of P adsorbed per g 
soil (x) and log of the concentration of P in the equilibrium 
solution (c). If the amount of P adsorbed is expressed in jig 
P adsorbed/g soil and the equilibration solution concentration 
is expressed in jig P/mL, then I corresponds to the amount of 
adsorbed P needed to maintain 1 jig P/mL solution and is fre­
quently used for comparing the degree of adsorption by soils 
or clay minerals, Freundlich isotherms for the adsorption 
of OP and polyphosphates by Clarion soil are illustrated in 
Figures 5 and 6. The variation in adsorption among the com­
pounds that was evident from the Langmuir isotherms is also 
evident from the Freundlich isotherms. The relatively low 
value of the intercept of the adsorption isotherm of OP in­
dicates the lower affinity of OP for the Clarion soil as com­
pared with the polyphosphates. Similarly, the relatively 
high value of the intercept of the adsorption isotherm for 
the adsorption of PP by Clarion soil indicates the high af-
2 finity of PP for the soil. Values of I and r for the adsorp­
tion of the various phosphates by soils and clay minerals 
are reported in Tables 2 and 3, respectively. 
The relationship between the values of I and the length 
of the polyphosphate adsorbed by the six soils is shown in 
Figures 7 and 8. From these graphs, the high affinity of PP 
relative to the affinity of OP and other phosphates for soils 
Figure 5. Freundlich isotherms of adsorption of orthophosphate (P^ ), pyrophos­
phate (P2)t triphosphate (P3), and long-chain polyphosphate (P5) by 
Clarion soil 
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Figure 6. Freundlich isotherms of adsorption of polyphosphates (P P and 
P35) by Clarion soil 
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Figure 7. Effect of polyphosphate chain length on the amount 
of adsorbed P required (I) to maintain 1 |ig P 
of equilibrating solution for Webster, Lester and 
Harps soils 
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Figure 8. Effect of polyphosphate chain length on the amount 
of adsorbed P required (I) to maintain 1 fj,g P mL"^  
of equilibrating solution for Clarion, Hayden and 
Muscatine soils 
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is apparent. For polyphosphates with 2 to 15 phosphate 
units, there is a general decline in affinity for soils with 
increasing length of the polyphosphate molecule. Polyphos­
phates with >15 phosphate units showed very little change in 
affinity for soils as indicated by the Freundlich I values. 
The affinities of OP and polyphosphates for the clay minerals 
illite and kaolinite as indicated by the Freundlich I values 
are illustrated in Figure 9. With increasing chain length 
of the polyphosphates, in general, the affinity for illite 
and kaolinite increased up to 15 phosphate units. Polyphos­
phates longer than 15 phosphate units exhibited very similar 
affinities and TP showed a slight decline in affinity rela­
tive to that of PP (Figure 9). 
The resulting parameters from the Langmuir equation and 
Freundlich equation for the relative adsorption of OP and 
polyphosphates are in good agreement. The value of k from 
the Langmuir equation and the value of I from the Freundlich 
equation both indicated the following trends in the affinities 
of the phosphate compounds for soils and clay minerals: 
1. Polyphosphates have higher affinities for soils 
and clay minerals than does OP. 
2. Pyrophosphate has a higher affinity for soils than 
do the other polyphosphates. 
3. Polyphosphates with 3 to 5 phosphate units generally 
have higher affinities for soils than do polyphosphates with 
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Figure 9. Effect of polyphosphate chain length on the 
amount of adsorbed P required (I) to maintain 
1 (ig P mL~^  of equilibration solution for 
illite and kaoiinite 
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15 to 65 phosphate units, 
4. Polyphosphates with 15 to 55 phosphate units have 
similar affinities for soils or clay minerals. 
The results from the study reported herein are in agree­
ment with those available in the literature concerning the 
degree of adsorption of PP and TP as compared with that of 
OP (Blanchar and Hossner, 1969b). In this study, adsorption 
of PP by soils and clay minerals exhibited both greater ad­
sorption maxima and higher affinity coefficients relative to 
OP. Sutton and Larsen (1964) reported that soils have greater 
adsorption capacity for PP than for OP as measured by Langmuir 
values, but reported lower values of the affinity coeffi­
cient (k) for PP than for OP for soils having high P fixing 
capacity. A lesser degree of mobility, an indicator of the 
adsorption by soils, has been reported for TP and ammonium 
polyphosphate as compared with OP (Khasawneh et al., 1979), 
Effects of Soil Properties on P Adsorption 
The six soils used in this study had varying soil proper­
ties and exhibited considerably different affinities and ad­
sorption capacities for the phosphate compounds examined. 
To determine which soil characteristics are important in the 
adsorption of OP and polyphosphates, the relationships be­
tween various soil properties and the affinity of soils for 
the phosphate compounds as indicated by the Freundlich I 
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value were examined. The Freundlich I value was chosen as 
an indicator of the affinity of the soils for the phosphate 
compounds because the Freundlich model was generally more 
precise in describing the adsorption process. 
Simple correlation coefficients for paired relationships 
between Freundlich I values and selected soil properties are 
reported in Table 4, These correlation coefficients indicate 
that the affinity of P2 and for soils is dependent 
upon the clay content of soils. Surface area was also sig­
nificantly correlated with Freundlich I values for P^ , Pg 
and P^ , but surface area is highly dependent upon the clay 
content of soils. Figure 10 illustrates the relationship be­
tween the affinity (I values) of P^ , P2 and P^ , and the clay 
contents of the six soils examined, A similar conclusion 
was reached by Singh and Tabatabai (1977) for adsorption of 
P^  by soils. The affinity of longer polyphosphates for soils 
WËS not dependent on the clay contents of the soils, but 
rather was significantly correlated with the dithionite-
extractable Fe and A1 contents of the soils (Figures 11 and 
12). This is in agreement with the observed decrease in 
extractable Al, adsorption maxima (Langmuir x^ ) and affinity 
coefficients (Langmuir k), for the adsorption of P^  by soils 
upon the addition of lime to soils (Sims and Ellis, 1983). 
Other soil properties were generally not significantly 
correlated with the affinity of phosphates for soils as 
Table 4. Simple correlation coefficients (r) for paired relationships between 
selected soil properties and the amount of adsorbed P required to 
maintain 1 |ag P mL"^  in the equilibration solution as determined from 
the Freundlich adsorption isotherm 
Correlation coefficient (r) for the phosphate chain indicated^  
property F i P 2 P 3 P F 15 P 25 P 35 P 45 F 65 
PH 0. 30 0. 57 0. 38 0. 07 -0. 90» -0. 91* -0. 53 -0. 82* -0. 86* 
Organic C 0. 62 0. 39 0. 33 0. 20 0. 76 0. 75 0. 76 0. 54 0. 69 
Total N 0. 59 0. 36 0. 30 0. 24 0. 56 0. 77 0. 76 0. 58 0. 73 
Organic P 0. 71 0. 53 0. 59 0. 33 0. 10 0. 35 0. 32 -0. 04 0. 22 
Inorganic P 0. 37 0. 51 0. 30 0. 44 0. 73 0. 66 0. 66 0. 63 0. 66 
Extr. Fe 0. 22 0. 11 0. 21 0. 86* 0. 87* 0. 91* 0. 95** 0. 94** 0. ,88* 
Extr. ai 0. 22 0. 19 0. 26 0. 89* 0. ,87* 0. 87* 0. ,87* 0. 93** 0. 83* 
CEC 0. ,73 0. 72 0. 77 0. ,20 0. ,37 0. 54 0. ,51 0. 22 0. ,37 
Clay content 0. ,85* 0. , 87* 0. 94** 0. ,57 -0. 02 -0. 12 -0. ,13 0. 22 0, .05 
Sand content 0. ,10 0. ,50 0. 52 0. ,14 0, .28 0. ,28 -0. 01 0. 14 0, .14 
Surface area 0, .82* 0. ,84* 0. 84* 0. ,20 0, .40 0. ,54 0. 51 0. 20 0, .37 
S^ubscript indicates number of P atoms per chain length. 
* and ** indicate significance at P<0.05 and 0.01, respectively. 
Figure 10. Effect of clay content of soils on the amount of 
adsorbed P required (I) to maintain 1 j,g P 
of equilibration solution 
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Figure 11. Effect of dithionite-extractable Fe content of 
soils on the amount of adsorbed P required (l) 
to maintain 1 |j,g P mL~^  of equilibrating 
solution 
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soils on the amount of adsorbed P required (I) 
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solution 
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indicated by the Freundlich I values (Table 4). The affini­
ties (I values) of Pgg, and were significantly, 
but negatively correlated with pH of the six soils studied. 
This could be the result of the inverse relationships ex­
pected between pH and extractable Fe and A1 contents of the 
soils. 
Effect of Temperature on P Adsorption 
The effect of temperature on the adsorption of polyphos­
phates by soils was examined by varying the temperature, from 
15 to 45°C, of the equilibration of Clarion and Lester soils 
with solutions containing 50 jig P/mL as ortho-, pyro-, tri­
phosphate, and polyphosphate, Pgg. The effect of the tem­
perature of equilibration on the amount of P remaining in the 
equilibrium solution is illustrated in Figure 13. Adsorption 
of ortho-, pyro-, and triphosphate increased as the tempera­
ture of equilibration increased from 15 to 45°C, suggesting 
that these compounds react to yield more stable solids after 
adsorption by soils. Increasing the temperature increases 
the rate of these reactions. Polyphosphate, P35» did not 
behave similarly, but rather showed decreased adsorption 
with increasing temperature for both Lester and Clarion soils. 
This indicates that the reaction of long-chain polyphosphate, 
P35, to yield more stable solids is very slow or nonexistent 
Figure 13. Effect of temperature of equilibration on the 
concentration of P remaining in solution for 
Clarion and Lester soils 
8 H 
Clarion soil 
Lester soil 
G? 20-
20 30 40 
TEMPERATURE (°C) 
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so that increasing the temperature of equilibration favored 
the solution phase because of the exothermic nature of ad­
sorption. Similar results are reported by Barrow (1979) 
and Chien et al. (1982) for adsorption of orthophosphate by 
soils. 
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PART II. DETERMINATION OF TRIMETAPHOSPHATE 
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INTRODUCTION 
Trimetaphosphate (TMP) differs from most other poly­
phosphates and orthophosphate (OP) in that its adsorption 
by soils is negligible. Because of this unique property of 
TMP, a reliable technique for its determination in the 
presence of other phosphate compounds and soil is needed to 
allow study on its hydrolysis in soils. A method for deter­
mination of TMP is required that is simple, rapid, precise, 
and free from interferences from other phosphate compounds, 
especially possible products of its hydrolysis, namely, 
ortho-, pyro-, and triphosphate. 
Different methods have been employed in the determination 
of IMP in the presence of other phosphate compounds. Jones 
(1942) used a BaClg solution to precipitate orthophosphate 
and linear polyphosphates from a solution containing TMP, 
adjusted the pH to >8, and determined the totaT "F remaining 
in solution to determine the amount of TMP present. Condi­
tions sufficient to quantitatively precipitate OP, however, 
resulted in coprecipitation of TMP (Healy and Kilpatrick, 
1955). Dewald and Schmidt (1952) obtained erratic results 
when they determined TMP in the presence of OP, and reported 
low results in the presence of high levels of PP. Incomplete 
precipitation of OP would result in overestimation of TWP, 
while coprecipitation of TMP would result in its underestima­
tion. 
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Chromatographic methods also have been employed for the 
determination of TMP. Ebel (1954) used a bidimensional-paper 
chromatography method to separate TMP and other polyphos­
phates, but the method lacks accuracy because of poor reso­
lution and hydrolysis of the polyphosphates during separation. 
Trimm et al. (1980) described an improved paper chromato­
graphic technique that would separate TMP, tetrametaphosphate, 
OP, and linear polyphosphates. Amount of each P compound 
present was determined after wet-digestion of the strips of 
paper containing the bands of the resulting chromatogram, and 
determining the amount of phosphate by a colorimetric proce­
dure. Blanchar and Hossner (1969a) used a column chromato­
graphic technique to analyze the products of hydrolysis of 
TMP in soils. The recovery of added TMP (88%) indicated that 
TMP was hydrolyzed either in soil or during extraction. A 
high-performance liquid chromatographic technique for deter­
mination of TMP has been reported, but lengthy elution times 
are required (Yamaguchi et al,, 1979). The chromatographic 
methods of TMP analysis presently available are complex, 
lengthy, and not precise. 
A simple and rapid method was needed for precise deter­
mination of TMP in the presence of other phosphates. One of 
the requirements was that this method should be applicable 
to determination of TMP added to soils. The method described 
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in this part meets these requirements. It is based on pre­
cipitation of orthophosphate and linear polyphosphates by 
BaCl2 after adjusting the pH to 6-9 by 0.1 M Tris. The tri-
metaphosphate remaining in solution was determined 
colorimetrically after acid hydrolysis. 
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MATERIALS AND METHODS 
Soils 
The soils used in this study were Lester, Webster, and 
Harps soils. These three soils were chosen to give a range 
in soil pH and organic matter. The pertinent properties of 
these soils are reported in Table 1, Part I. 
Reagents 
Reagents for determination of orthophosphate in the 
presence of other phosphates: Prepared as described by Dick 
and Tabatabai (1977b). 
Murphy-Riley reagents: Prepared as described by Dick 
and Tabatabai (1977a). 
Modified Murphy-Riley reagents; With the exception of 
substituting 4 N hydrochloric acid for 5 N sulfuric acid, the 
reagents were prepared as described by Dick and Tabatabai 
(1977a). 
Trimetaphosphate (TMP) stock solution (100 rtiM) : Dis­
solve 3.06 g Na^ PgOg (practical grade, Sigma Chemical Co., 
St. Louis, MO) in approximately 80 mL of water. Bring the 
volume to 100 mL. 
Trimetaphosphate (TMP) working solutions; Dissolve 1.21 
g tris (hydroxymethyl) aminomethane (Tris) in about 25 mL of 
water, add 1, 5, 10, 25 or 50 mL of TMP stock solution, adjust 
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the pH with 0.2 N HCl to 8.0, and dilute to 100 mL with water. 
Barium chloride solution (100 irM): Dissolve 24.4 g BaClg 
in about 800 mL of water, and dilute to 1 L with water. 
Standard orthophosphate stock solution (500 |j,g PO^ -P 
mL ^ ): Dissolve 2.1968 g KH2PO4 in water, and dilute to 
1000 mL with water. 
Standard orthophosphate working solution (5 |j,g PO^ -P 
mL~ : Place 10 mL of the standard orthophosphate stock 
solution into a 1000-mL volumetric flask, and dilute to 
volume with water. 
Procedure 
In the procedure developed, either 3 mL of TMP working 
solution and 7 mL of water or a soil sample (1 g) treated 
with 3 mL of TMP working solution and 7 mL of water in a 50-
mL centrifuge tube was mixed (vortex stirrer) with 10 mL of 
100 irM BaClg to precipitate the phosphate compounds other 
than TMP. The tube was centrifuged at 12,000 x g for 5 min. 
The supernatant was immediately analyzed for orthophosphate 
by the Dick and Tabatabai method (1977b) and for total P 
after acid hydrolysis (with 1 N HCl instead of 1 N H^ SO^ ) 
as described in Part I. The amount of TMP-P present was cal­
culated by subtracting the amount of orthophosphate-P from 
that of total orthophosphate-P after acid hydrolysis. 
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Comments 
When the modified Murphy-Riley reagents were used for 
determination of orthophosphate, the absorbance measurements 
of the molybdenum blue were made at 710 nm after 10 min, but 
within 2 h of color development. The standard curves were 
prepared by analyzing 1, 2, 3, and 4 mL aliquots (5, 10, 15, 
and 20 p,g PO^ -P) of the standard orthophosphate working 
solution. 
To perform the acid hydrolysis for determination of total 
inorganic P, an aliquot of the polyphosphate solution contain­
ing 1 mg P was placed in a 50-mL volumetric flask, treated 
with sufficient hydrochloric acid to bring the concentration 
to 1 N, and heated on a steam plate (85°C) for 1 h to hydrolyze 
the TMP to orthophosphate. The volume was adjusted to 50 mL 
with water, mixed, and an aliquot was taken for analysis of 
orthophosphate by the modified Murphy-Riley method. The 
volume of the aliquot analyzed was adjusted to ca. 15 mL with 
water before addition of the modified Murphy-Riley reagents. 
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RESULTS AND DISCUSSION 
To assay TMP hydrolysis in soils (reported in Part III), 
it was necessary to use a simple and rapid method for quanti­
tative determination of TMP added to soil that would be free 
of interference from other phosphate compounds. Because TMP 
is soluble in the presence of many cations, precipitating 
agents, such as barium chloride, have been used to precipitate 
orthophosphate and polyphosphate before determination of TMP 
after acid hydrolysis (Jones, 1942). However, difficulty has 
been experienced in accomplishing the complete precipitation 
of orthophosphate without also reducing the recovery of TMP 
(Healy and Kilpatrick, 1955). 
Effectiveness of Precipitating Agents 
Table 5 shows results of systematic studies of the ef­
fectiveness of several precipitating agents in removing the 
products of TMP hydrolysis, namely, OP, PP, and TP, without 
reducing the quantitative recovery of TMP. While none of the 
agents examined were completely effective, barium chloride 
was the most useful. Although barium chloride caused a reduc­
tion in the recovery of TMP in the presence of PP, it was more 
effective in removing TP, the primary product of hydrolysis 
of TMP in soils. Because orthophosphate was not completely 
precipitated by barium chloride, separate analysis for ortho-
phosphate-P was required to remove this interference in 
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Table 5, Effect of various precipitating agents on the re­
covery of TMP in the presence of OP, PP, and TP 
Recovery of TMP in the presence 
dpitating of P compound indicated^  
agent OP PP TP OP+PP+TP 
AgNOg 90.9 
(90.9) 
92.4 
(92.4) 
96.8 
(96.8) 
94.2 
(94.2) 
ZnClg 95.8 
(95.8) 
99.8 
(99.8) 
103.0 
(103.0) 
107.8 
(107.8) 
CoSO. 99.8 
(101.3) 
107.4 
(107.5) 
182.2 
(182.7) 
142.8 
(145.3) 
CaCl, 99.0 
(102.0) 
102.1 
(102.2) 
117.9 
(117.9) 
103.6 
(104.2) 
NiCl, 103.4 
(134.4) 
172.2 
(173.8) 
203.2 
(204.8) 
233.2 
(262.4) 
SrCl, 99.6 
(108.8) 
100.9 
(101.3) 
103.5 
(103.9) 
100.2 
(107.3) 
BaClg 99.6 
(128.8) 
93.2 
(93.6) 
100.8 
(101.3) 
98.8 
(111.6) 
A^n aliquot (3 itiL) of a solution containing 15 ^ moles 
of TMP was mixed with 2 itiL of a solution containing 15 (imoles 
of OP, PP or/and TP and 4 mL of deionized water and treated 
with 10 mL of 0.1 M of the precipitating agent indicated. 
Total P and OP were analyzed after centrifuging. Figures in 
parentheses indicate recovery values without correction for 
the OP present. 
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determination of TMP-P. To determine this nonprecipitated 
OP, a method was required that would detect OP without inter­
ference from large amounts of polyphosphates. The method of 
Dick and Tabatabai (1977b) fulfilled this requirement. In 
this method, arsenite is used to prevent further formation 
of the orthophosphate-molybdate complex from OP that may be 
produced during the analysis procedure. This method made 
possible the accurate determination of OP in the presence of 
PP, TP, and TMP. Therefore, correcting for orthophosphate-P 
not precipitated by the barium chloride gave quantitative 
recovery of TMP-P even in the presence of large amounts of 
a mixture of ortho-, pyro- and triphosphate (Table 5). 
Modification of Murphy-Riley Method 
When the solution resulting from the precipitation proce­
dure is analyzed for orthophosphate by the method of Murphy 
and Riley (1952) (after the acid hydrolysis of the TMP re­
maining), a precipitate is formed due to the presence of large 
amounts of sulfate (sulfuric acid is added in the reagents 
used for color development) and barium ions in the solution 
in which the molybdenum blue color is developed. The precipi­
tate of barium sulfate can be removed by centrifuging and the 
absorbance of the resulting supernatant can be measured with­
out interference from the precipitate. To eliminate this 
tedious centrifugation step, substituting another acid for 
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the sulfuric acid in the Murphy and Riley (1962) method was 
examined. After examining different acids at various con­
centrations, the use of 2,0 N hydrochloric acid was found to 
give very similar results to the original Murphy and Riley 
(1952) method in which the concentration of sulfuric acid is 
2.5 M in the reagent solution used to develop the color. 
Figure 14 illustrates the spectra of the molybdenum blue 
complex produced by each method. The two spectra are similar 
but the maxima occur at slightly different wavelengths, 
namely, 720 nm for the method employing sulfuric acid and 
710 nm for the method employing hydrochloric acid. The peaks 
shown at about 880 nm are not useful because of the instability 
of readings at this wavelength. Figure 15 shows that almost 
identical standard curves were obtained by the two methods. 
When using the reagent containing hydrochloric acid, there 
is a greater tendency for precipitation of the blue complex. 
This precipitation can be prevented by adding water to bring 
the volume to about 15 mL before addition of the 4 mL of the 
reagent solution. After the addition of the reagent solu­
tion, the flask is immediately swirled, brought to volume 
with water, and the contents mixed by inverting the flask 
several times. When using the reagent solution containing 
hydrochloric acid, the color was not as stable as when the 
reagent containing sulfuric acid was used (Figure 16). There­
fore, the absorbance was measured after 10 min, but before 
0.600 
0.500 
0.400 
CP 
oo 
CO 
CD 
< 
0.300 
0.200 
0.100 
0 
o M 
400 500 600 700 
WAVELENGTH (nm) 
800 900 
Figure 14, Absorbance spectra of molybdenum blue complex produced by modifie^ ! 
Murphy-Riley method (Spectrum 1, 20 ug PO^ -P) and by Murphy-Riley-
method (Spectrum 2, 15 ug PO.-P) 
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2 h, from adding the color developing reagent. 
Precision of Modified Murphy-Riley Method 
The precision of this alternative method of determining 
orthophosphate was examined by performing six determinations 
of 5, 10, 15 and 20 |j,g of orthophosphate-P. The resulting 
ranges, means, standard deviations and coefficients of varia­
tion are given in Table 6. These data illustrate the high 
precision of this method with coefficients of variation 
varying from 0.23 to 0.94%. 
Table 5. Precision of modified Murphy-Riley method 
Absorbance at 710 nm^  
P04-P Range Mean SD CV^  
ng % 
5 0.108-0.111 0.110 0.00103 0.94 
10 0.213-0.215 0.214 0.00063 0.30 
15 0.320-0.322 0.321 0.00075 0.23 
20 0.423-0.429 0.426 0.00266 0.62 
R^esults of six analyses; SD, standard deviation. 
C^oefficient of variation. 
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Recovery of TMP Added to Soils 
Because the method developed was intended for use in 
studies of trimetaphosphatase activity in soils (using TMP 
as a substrate), the effects of buffer pH and other phos­
phates (OP, PP, and TP) on the recovery of TMP added to soils 
were evaluated. To examine the effect of pH of the buffer on 
the recovery of TMP, the buffer pH was varied from 4 to 9. 
Results showed that the recovery of TMP (relative to the 
amount recovered at pH 8) was constant in the absence of soil 
and in the presence of 1 g of sterilized Lester or Harps soil 
(Table 7). In the absence of soil at pH values of 4 and 5, 
there was a slight overestimation (from 2 to 3%) in the re­
covery of TMP, This may have been due to small amounts of 
other polyphosphates present in the TMP which were not precipi­
tated by barium chloride at these low pH values. At higher 
pH values, there was a slight decrease (<4%) in the recovery 
of TMP when added to 1 g of sterilized Lester or Harps soil. 
In order to test the validity of the results obtained 
in use of the method for assay of trimetaphosphatase activity 
in soils, this method was further evaluated by studying the 
recovery of 1370 p,g of TMP-P in the presence of large amounts 
of other phosphates at pH values varying from 4 to 9. Results 
showed that the method gives quantitative recovery of TMP at 
Tris buffer pH >5 (Table 7). 
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Table 7. Effect of buffer pH on the recovery of TMP from 
soils in the presence and absence of other phos­
phate, compounds 
Recovery of TMP-P from the 
Other soil specified^  
Buffer phosphates No Lester Harps 
pH present^  soil soil soil 
4 - 103 100 100 
4 + 156 126 110 
5 _ 102 99 100 
5 + 104 102 101 
5 _ 100 99 99 
5 + 99 100 100 
7 _ 100 97 98 
7 + 100 99 98 
8 _ 100 97 98 
8 + 97 97 98 
9 100 96 96 
9 + 97 96 97 
sample of sterilized soil (1 g) was treated with 
3 mL of a buffer solution (0.1 M Tris) containing 1370 |j,g 
of TMP-P in the presence or absence of other phosphates 
(3 mL). The volume was adjusted to 10 mL and the total P 
and PO4-P were determined after precipitating the phos­
phates with 10 mL of 0.1 M BaCl2 and centrifuging. 
4^65 fig OP-P, 930 fxg PP-P and 1395 {ig TP-P. 
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Precision of Determination of TMP 
Table 8 shows results of replicated determinations of 
TMP added to three sterilized soils. The means of the TMP 
recovery values of the three soils were 98,6, 97.4, 98.2, and 
98.2% of the 267, 1370, 5790, and 13600 (ig P added per g of 
soil, respectively. The amounts of P added per g soil 
correspond to 3 mL of 1, 5, 25, and 50 irM TMP. The coeffi­
cient of variation of the method described varied from 0.2 
to 1.0%. 
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Table 8. Precision of analysis of IMP in the presence of 
sterilized soils^  
TMP-P TMP-P recovered^  
Soil added Range Mean SD CV^  
% ug-
Lester 267 259-265 263 1.8 0.7 
Webster 267 259-265 263 2.1 0.8 
Harps 267 259-267 264 2.8 1.0 
Lester 1370 1300-1340 1320 11 0.8 
Webster 1370 1320-1340 1330 6 0.4 
Harps 1370 1330-1340 1340 3 0.2 
Lester 6790 6660-6760 6700 34 0.5 
Webster 6790 6560-6710 6630 48 0.7 
Harps 6790 6640-6730 6680 33 0.5 
Lester 13600 13300-13600 13400 95 0.7 
Webster 13600 13100-13500 13300 99 0.7 
Harps 13600 13100-13500 13400 110 0.8 
A sample of sterilized soil (1 g) was treated with 
3 mL of a buffered (0.1 M Tris, pK 8) TMP solution contain­
ing 267-13600 ng P. The volume was adjusted to 10 mL and 
the total P and PO^ -P -were determined after adding 10 mL of 
0.1 M BaCl2 and centrifuging. 
R^esults of eight analyses; SD, standard deviation. 
C^V, coefficient of variation. 
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PART HT. TRIMETAPHOSPHATASE ACTIVITY OF SOILS 
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INTRODUCTION 
Trimetaphosphatase (trimetaphosphate hydrolase, EC 
3.6.1.2) catalyzes the hydrolysis of trimetaphosphate (TNP) 
to triphosphate (TP). Trimetaphosphatase activity has been 
reported in yeast (Romberg, 1956; Mattenheimer, 1956; Meyer-
hof et al., 1953), intestinal mucosa of mammals (Berg and 
Gordon, 1960; Ivey and Shaver, 1977), and in plants (Stossel 
et al., 1981; Roux and Boutin, 1979; Pierpoint, 1957). Berg 
and Gordon (1960) suggested that trimetaphosphatase activity 
occurs in all living organisms. In vertebrates, trimetaphos­
phatase is associated with secretory and digestive organs, 
possibly indicating a function in the active transport across 
cell membranes. Work by Blanchar and Hossner (1969a) and 
Rotini and Carloni (1953) suggested the presence of trimeta­
phosphatase activity in soils. 
Because trimetaphosphatase catalyzes the hydrolysis of 
TMP to TP, a compound which is difficult to determine in the 
presence of other polyphosphates and orthophosphates (OP), 
most studies have relied upon the secondary production of Of» 
as an indicator of enzyme activity. This difficulty is one 
of the reasons for the limited number of studies of trimeta­
phosphatase in biological systems. Using the release of OP 
from TMP as an indicator of the activity of trimetaphospha­
tase makes interpretation of the results difficult because 
OP is released from TP, not directly from TMP. In addition. 
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determination of the OP released is subject to interference., 
from other phosphate compounds in the methods generally em­
ployed (Dick and Tabatabai, 1977b). 
Trimetaphosphatase activity in soils is of special in­
terest because of the unique behavior of TMP in soils. Be­
cause TMP is not adsorbed by soil constituents, it is mobile 
in soils. Although the hydrolysis of TMP in soils has been 
reported (Blanchar and Hossner, 1959a; Rotini and Carloni, 
1953), little information is available on the enzymic and 
nonenzymic hydrolysis of this compound in soils. Therefore, 
the objectives of the work reported in this part were: 
(1) to develop a method for assay of trimetaphosphatase 
activity in soils, (2) to study the kinetic properties of the 
reaction catalyzed by this enzyme, and (3) to study the soil 
treatments that affect the activity of this enzyme. 
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MATERIALS AND METHODS 
Soils 
The soils used in this study were six lowan surface 
soils, namely. Clarion, Hayden, Webster, Muscatine, Lester, 
and Harps soils. These soils were selected to give a range 
in soil pH, texture and organic matter (Table 1, Part I). 
Reagents 
Trimetaphosphate (TMP) solution (25 nM): Dissolve 1.53 
g Na^ P^ Og (practical grade, Sigma Chemical Co., St. Louis, 
MO) and 2.42 g of tris (hydroxymethyl) aminomethane (Tris) 
in about 100 mL of water. Adjust the pH of this solution to 
8.0 with 0.2 N hydrochloric acid. Quantitatively transfer 
this solution into a 200-mL volumetric flask and adjust the 
volume with water. 
Procedure 
Place 1 g of air-dried soil in a 50-mL plastic centrifuge 
tube. Add 3 mL of TMP solution, stopper the tube with a 
rubber stopper, swirl to mix the contents, and incubate at 
37°C. After 5 hours, remove the tube from the incubator and 
analyze for the TMP remaining by the method described in 
Part II. 
Controls should be performed with each assay to account 
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for TMP hydrolyzed by nonenzyinic means. To perform these 
controls, follow the procedure described, but steam-sterilize 
the soil in the centrifuge tube by autoclaving at 121°C for 
1 hour previous to the addition of the TMP solution. Also a 
control should be performed with each set of assays to deter­
mine precisely how much TMP was added to the soil. To per­
form this control, follow the procedure described, but omit 
the addition of soil to the centrifuge tube. 
Calculate the amount of TMP-P hydrolyzed enzymically by 
subtracting the amount of TMP-P remaining in the assay tube 
(i.e., the tube containing nonsterilized soil) from the 
amount remaining in the control tube (i.e., the tube con­
taining steam-sterilized soil). Calculate the amount of 
TMP-P hydrolyzed nonenzymically by subtracting the amount of 
TMP-P remaining in the control tube (i.e., the tube containing 
sterilized soil) from the amount remaining in the control 
tube containing no soil. 
To determine the kinetic parameters of trimetaphospha-
tase activity in soils, it is necessary to assay the enzyme 
at various substrate concentrations. Trimetaphosphatase ac­
tivity was assayed by the method described, but using buffered 
solutions (0.1 N Tris, pH 8.0) made 1, 2, 5, 10, 15, 20, 25, 
30, 40, and 50 itM with respect to TMP. 
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RESULTS AND DISCUSSION 
The method described in Part II for determination of TMP 
was used in this work for assay of trimetaphosphatase ac­
tivity. Several factors, namely, type of buffer, pH of buf­
fer, substrate (TMP) concentration, amount of soil, time of 
incubation, temperature of incubation, pretreatment of soils 
and the presence of inhibitors were systematically studied 
for their effects on trimetaphosphatase activity in soils. 
Preliminary work showed that TMP is hydrolyzed in soils by 
enzymic and nonenzymic reactions. Therefore, the experiments 
were designed to assay both enzymic and nonenzymic hydrolysis 
of TMP in soils. This was accomplished by determining the 
hydrolysis of TMP in steam-sterilized and unsterilized soils. 
The amount of TMP hydrolyzed in steam-sterilized soils was 
assumed to be due to nonenzymic hydrolysis catalyzed by soil 
constituents (i.e., soluble ions, clay minerals). The amount 
of TMP hydrolyzed by trimetaphosphatase was calculated from 
the difference between the values obtained for steam-
sterilized and unsterilized soils. For convenience, the re­
sults obtained will be discussed according to the factors 
studied. 
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Choice of Buffer and Buffer pH 
Enzyme reactions generally show considerable variation 
in reaction velocities with the pH of the surrounding media 
due to the protonation or deprotonation of groups in the 
active sites of the enzyme. The effect of buffer pH on tri-
metaphosphatase activity in soils was examined by assaying 
the activity of this enzyme in Lester, Webster, and Harps 
soils using the assay procedure developed, but with the pH 
of the buffer, 0.1 M Tris or modified universal buffer (MUB), 
varying from pH 5 to 12 and using 10 itM TMP. Because of the 
limited buffering strength of Tris at lower pH values, the 
TMP in Tris buffer solutions at pH 5 and pH 6 were also made 
to be 0,10 M with respect to sodium acetate and the pH was 
adjusted to pH 7 with the addition of 1 N acetic acid. Fur­
ther adjustment of the pH to 5 or 6 was made with the addi­
tion of 0.2 N hydrochloric acid. The soils exhibited maximum 
trimetaphosphatase activity at pH 8 when assayed in Tris 
buffer and at pH 10-11 when assayed in MUB (Figure 17). 
Assaying the soils in Tris buffer resulted in higher trimeta­
phosphatase activities at most pH values. 
The effect of buffer and buffer pH on the nonenzymic 
hydrolysis of TMP by soils is illustrated in Figure 18. The 
nonenzymic hydrolysis of TMP in Lester and Webster soils gen­
erally increased with increasing pH. When assayed in Tris 
buffer, Lester and Webster soils exhibited maximum hydrolysis 
Figure 17. Effect of buffer pH on enzymic hydrolysis of trimetaphosphate in 
Lester, Webster and Harps soils as determined by the assay method 
developed using 0.1 M Tris (O) or MUB (A) buffer 
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Figure 18. Effect of buffer pH on nonenzymic hydrolysis of trimetaphosphate 
in Lester, Webster and Harps soils as determined by the assay method 
developed using 0.1 M Tris (O) or NUB (A) buffer 
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at pH 9 to 10. At nearly all pH values, nonenzymic hydroly­
sis of TMP in the three soils examined/was greater with Tris 
buffer than with MUB. The calcareous Harps soil showed a 
much greater increase in nonenzymic hydrolysis with increas­
ing buffer pH in both buffers. Although the hydrolysis of 
TMP is known to increase with increasing pH values >7 (Watanabe 
et al., 1975), and the pH of the soil-solution mixture will 
be slightly higher with the calcareous Harps soil than with 
the other more acidic soils, pH alone would not explain the 
dramatic increase in the rate of nonenzymic hydrolysis with 
pH in the Harps soil. Possibly the higher level of calcium 
ion in solution or the presence of solid calcium carbonate in 
this soil, combined with the increase in solution pH, con­
tributes to the much greater nonenzymic hydrolysis rate for 
this calcareous soil. The contrast in the relationships be­
tween buffer pH and the hydrolysis of TMP in sterilized and 
unsterilized soils provides additional evidence for the 
existence of nonenzymic and enzymic reactions for. hydrolysis 
of TMP in soils (Figures 17 and 18). Because of the higher 
activity of trimetaphosphatase in soils assayed in Tris 
buffer rather than MUB, Tris buffer (pH 8) was used in the 
remaining studies. 
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Substrate Concentration 
It is important that, in a method for assaying an enzyme 
activity, the substrate concentration does not limit the 
reaction velocity. Thus, the observed rate of the reaction 
is directly proportional to the activity of the enzyme present. 
For this purpose, the substrate concentration should be suf­
ficient to saturate the enzyme reaction sites. To examine 
the effect of the substrate (TMP) concentration on the ac­
tivity of trimetaphosphatase in soils, the activity of this 
enzyme was assayed in Lester, Webster, and Harps soils as 
previously described, but the TMP concentration was varied 
from 1 to 50 irM. Figure 19 shows the dependence of the rate 
of enzymic and nonenzymic hydrolysis of TMP in soils on the 
substrate concentration. For the three soils examined, it 
was evident that, at a TMP concentration of approximately 
20 itM, the reaction velocity of the enzymic hydrolysis of 
TMP had nearly reached a maximum. In contrast, the reaction 
rate of the nonenzymic hydrolysis of TMP did not reach a 
maximum, but continued to increase nonlinearly with increas­
ing substrate concentration (Figure 19). Because the rate of 
a simple chemical reaction is, in general, proportional to 
the product of the concentrations of the reactants, this con­
tinued increase in the rate of nonenzymic hydrolysis of TMP 
with its concentration is expected. The deviation from 
linearity of the relationship between the rate of nonenzymic 
Figure 19. Effect of trimetaphosphate concentration on 
enzymic hydrolysis (#) and nonenzymic hydroly­
sis (O) in Lester, Webster and Harps soils, as 
determined by the assay method developed 
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hydrolysis of TMP and its concentration may be due to inhi­
bition of the reaction products. The products by TMP hy­
drolysis (TP, PP, and OP) may interfere with the nonenzymic 
hydrolysis of TMP by complexing cations in the soil-solution 
mixture that may catalyze the hydrolysis of TMP. Another 
plausible explanation would be that the hydrolysis reaction 
is catalyzed by solid constituents of the soils, and thus, 
the rate of hydrolysis may be dependent on the fraction of the 
surface available. At higher TMP concentrations, the frac­
tion of the surface available may be diminished, reducing 
the reaction rate (Adamson, 1976). 
From the results obtained in studies of enzymic hydroly­
sis of TMP, it was concluded that at least 20 mM of TMP is 
required to insure that the enzyme is saturated with the 
substrate. Because concentrations much greater than 20 irM 
would be detrimental to the precision of the assay due to the 
large amount of TMP to be determined and the relatively small 
amount hydrolyzed during the incubation period, a concentra­
tion of 25 mM TMP was used for assaying the activity of the 
enzyme in soil in the remaining studies. 
Amount of Soil and Time of Incubation 
For reactions catalyzed by soil enzymes, the amounts of 
reaction products generally increase linearly with respect 
to the amount of soil present and with time of incubation. 
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To study the effect of the amount of soil, trimetaphosphatase 
activity of several soils were assayed by the procedure de­
veloped, but with the amount of soil varying from 0.5 to 1.5 g. 
The linear relationship between the amount of soil and the 
enzymic and nonenzymic hydrolysis of TMP is illustrated for 
Lester, Harps, Webster and Clarion soils in Figure 20. This 
linear relationship gives additional confirmation that the 
amount of TMP hydrolyzed in this assay method is proportional 
to the amount of enzyme present in the soil and that the sub­
strate concentration is not limiting the reaction rate up to 
1.5 g of soil. 
The amount of reaction product of an enzymic reaction 
generally increases linearly with the time of incubation if 
the substrate concentration is not limiting. Figure 21 shows 
the results obtained in studies of the effect of time of in­
cubation on the amount of TMP hydrolyzed in soils. In the 
four soils examined, the amount of TMP hydrolyzed enzymically 
increased linearly with time of incubation up to 5 h. With 
longer incubation times (>5 h), the amount of TMP hydrolyzed 
deviated from linearity, indicating that the substrate con­
centration was limiting the reaction rate. 
There also were linear relationships between the non­
enzymic hydrolysis of TMP and the amount of soil present 
(Figure 20), and the time of incubation up to 5 h (Figure 21). 
Because it was previously shown that the amount of TMP hydro-
Figure 20. Effect of amount of soil on enzymic (®) and 
nonenzymic (O) hydrolysis of trimetaphosphate in 
Lester, Harps, Webster and Clarion soils, as 
determined by the assay method developed 
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Figure 21. Effect of time of incubation on enzymic (O) and 
nonenzymic (O) hydrolysis of trimetaphosphate in 
Lester, Harps, Webster and Hayden soils, as de­
termined by the assay method developed 
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lyzed nonenzymically in soils increases with increasing con­
centrations of TMP, the relationship between the amount of 
TMP hydrolyzed nonenzymically and the amount of soil or the 
time of incubation should not be linear. This would-be ex­
pected deviation from linearity is not evident due to the 
large amount of substrate present compared to the relatively 
small amount hydrolyzed. 
Temperature of Incubation and Pretreatment 
Enzymic reactions generally show an increase in rate 
with increasing temperature until a temperature is reached 
at which the enzyme begins to be inactivated due to structural 
deformation. Enzymic hydrolysis of TMP in Lester, Webster 
and Harps soils showed such an increase in reaction rate with 
increasing temperatures of incubation (Figure 22). Above 
40°C, the rate of hydrolysis decreased for the soils studied, 
indicating that at these temperatures the enzyme was inacti­
vated. Subjecting soils to the same temperatures before in­
cubation with the substrate should cause a similar inactiva-
tion of the enzyme and thus a lower rate of hydrolysis when 
assayed at 37°C. Enzyme inactivation by preheating the soils 
before assaying was examined by placing stoppered centrifuge 
tubes containing 1 g of soil in a temperature-controlled in­
cubator for 5 h. Controls were included by steam-sterilizing 
the soils for 1 h previous to the 5-h pretreatment. The 
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Figure 22. Effect, of temperature of incubation on enzymic 
hydrolysis of trimetaphosphate in Lester, Webster 
and Harps soils, as determined by the assay 
method developed 
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pretreatment temperature was varied from 20 to 120°C. After 
the 5-h pretreatment, the tubes were removed and assayed for 
enzymic and nonenzymic hydrolysis of TMP by the assay proce­
dure described. The effect of pretreatment temperature on 
the enzymic hydrolysis of TMp in air-dried and field-moist 
Lester, Webster and Harps soils is shown in Figure 23. It 
is evident from these results that trimetaphosphatase activity 
in soils is stable at temperatures <40°C. Enzyme activities 
in field-moist soils were greater than those in air-dried 
soils, but were more readily inactivated by pretreatment tem­
peratures (Figure 23). Although trimetaphosphatase activity 
was completely destroyed in field-moist soils at a pretreat­
ment temperature of 110°C, some trimetaphosphatase activity 
persisted in air-dried soils even at pretreatment temperatures 
of 120°C. The observed inactivation of trimetaphosphatase 
activity in field-moist soils at temperatures >40°C are in 
agreement with studies of trimetaphosphatase activity in ex­
tracts of peas (Pierpoint, 1957) and intestinal mucosa (Berg 
and Gordon, 1950). Similar results are reported for the 
stability of pyrophosphatase activity in soils (Tabatabai and 
Dick, 1979). Pyrophosphatase activity was inactivated in 
field-moist soils at pretreatment temperatures > 60°C when 
soils were preheated at those temperatures for 1 h. 
The results from the study on the effect of pretreatment 
temperatures on the activity of trimetaphosphatase are in 
Figure 23. Effect of preheating temperature on enzymic 
hydrolysis of trimetaphosphate in field-moist 
(9) and air-dried (O) Harps, Webster and Lester 
soils 
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agreement with those obtained from the study on the effect 
of temperature of incubation on the activity of this enzyme 
in soils (Figures 22 and 23). The lack of inactivation by 
preheating at 30 and 40°C supports the assumption that in­
cubation temperatures <40°C do not affect the concentration 
of enzyme in soils. This assumption permits the use of dif­
ferent incubation temperatures to study the thermodynamic 
properties of the reaction without changing the amount of 
enzyme active in the soil. 
The effect of temperature of incubation on the nonenzymic 
hydrolysis of TMP was considerably different from that of en-
zymic hydrolysis. Figure 24 shows that the nonenzymic hy­
drolysis of TMP in Lester, Webster, and Harps soils increased 
with increasing incubation temperatures. The three soils 
showed similar results, but the calcareous Harps soil showed 
a considerably higher rate of reaction than the other two 
soils. The lack of optimum temperature in Figure 24 (reac­
tion rates increased with increasing temperature up to 80°C) 
is further evidence that the loss of TMP in steam-sterilized 
soils is due to nonenzymically catalyzed hydrolysis. The 
effect of pretreatment temperature on the nonenzymic hydroly­
sis of TMP by soils was negligible (Figure 25). The results 
reported in Figure 25 also show that the rate of nonenzymic 
hydrolysis of TMP in air-dried Harps soil was somewhat greater 
than that in field-moist soil. The fates of nonenzymic 
Figure 24. Effect of temperature of incubation on nonenzymic 
hydrolysis of trimetaphosphate in Lester, Webster 
and Harps soils 
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Figure 25. Effect of preheating temperature on nonenzyitiic 
hydrolysis of trimetaphosphate in field-moist 
(#) and air-dried (O) Lester, Webster and Harps 
soils 
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hydrolysis in air-dried Webster and Lester soils were similar 
to those in their corresponding field-moist soils. The re­
sults reported in Figures 23 and 25 clearly show that pre­
heating temperatures affect the enzymic but not the nonen-
zymic hydrolysis of TMP in soils. 
Michaelis-Menten Constant 
The data from the study of the effect of TMP concentra­
tion on the rate of enzymic hydrolysis in soils were plotted 
according to three linear transformations of the Michaelis-
Menten equation to obtain values for the Michaelis-Menten 
constant (K^ )^ and for the maximum velocity of the reaction 
(Vj^ ax^  of trimetaphosphase in soils. Figures 26, 27, and 28 
show the resulting plots using the Lineweaver-Burk, Eadie-
Hofstee and Hanes-Woolf transformations, respectively, for 
Lester, Webster, and Harps soils. The lines shown on the 
graphs are those resulting from regression analysis of the 
data. The resulting linear plots clearly show that the enzymic 
hydrolysis of TMP in soils is described by Michaelis-Menten 
kinetics. 
The values of K and calculated from the plots in in IllaX. 
Figures 26, 27, and 28 for the trimetaphosphatase activity of 
the three soils examined are reported in Table 9. Calculated 
values of K^ , a constant characteristic of the enzyme, were 
similar for the three soils and ranged from 6.3 to 7.2 mM TMP 
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Figure 26. Lineveaver-BurK plots of trimetaphosphatase ac­
tivity in Webster, Harps and Lester soils; 
velocity (V) is expressed in p,g TMP-P hydrolyzed 
g~^  soil 5 h~^ j substrate concentration (S) is 
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Figure 27. Eadie-Hofstee plots of trimetaphosphatase activity in Lester, 
Harps and Webster soils; velocity (V) is expressed in jig TMP-P 
hydrolyzed g""^  soil 5 h~l; substrate concentration (S) is in M 
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Figure 28. Hanes-Woolf plots of trimetaphosphatase activity 
in Webster, Harps and Lester soils; velocity (V) 
is expressed in |j,g TMP-P hydrolyzed g~^  soil 
5 h 1; substrate concentration (S) is in M 
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Table 9. Michaelis-Menten constants and maximum reaction 
rates for trimetaphosphatase activity of soils as 
calculated from three linear transformations of 
the Michaelis-Menten equation 
Mi chaelis-Menten 
transformation Soil Km V max 
Lineweaver-Burk Plot Lester 7.2 1200 
(1/V vs 1/S) Webster 5.3 590 
Harps 5.9 780 
Eadie-Hofstee Plot Lester 7.2 1200 
(V vs V/S) Webster 6.8 610 
Harps 7.1 790 
Hanes-Woolf Plot Lester 6.1 1200 
(S/V vs S) Webster 12.4 550 
Harps 9.3 800 
V^maxj the maximum reaction velocity 
fig TMP-P hydrolyzed g"^  soil 5 h~^ . 
is expressed in 
as calculated from the Lineweaver-Burk and Eadie-Hofstee 
plots. Values of a constant dependent on the amount of 
enzyme present, ranged from 590 to 1200 jig TMP-P hydrolyzed 
g~^  soil 5 h~^ . 
The K and values calculated from the Lineweaver-
m max 
Burk plot for the three soils were similar to those obtained 
by using the Eadie-Hofstee plot. The value of trimetaphos­
phatase activity calculated from the Hanes-Woolf plot for the 
Webster soil was greater (by a factor of 2) than those cal­
culated by using the other two transformations of the 
Michaelis-Menten equation (Table 9). Each transformation 
146 
gives different weights to errors in the variables (Dowd and 
Riggs, 1965), and this is reflected in the variation of the 
estimated and values derived for any one soil by using 
the different plots. 
Little information is available in the literature con­
cerning values of trimetaphosphatase or on the effect of 
substrate concentration on its activity. Berg and Gordon 
(1960) reported maximum activity of trimetaphosphatase in an 
extract of intestinal mucosa at 0.27 irM TMP, while Meyerhof 
et al. (1953) reported trimetaphosphatase activity continued 
to increase at TMP concentrations greater than 100 irM. Al­
though they did not report values, the concentrations of 
TMP required for maximum activity in the intestinal mucosa 
extract and in the yeast extract varied considerably from 
the concentration required for maximum activity in the soils 
examined in this study (ca. 25 TMP). 
Energy of Activation 
Within moderate temperature ranges, rates of chemical 
reactions usually increase exponentially with increasing tem­
peratures. With enzymic reactions, this range must be below 
the temperature at which the enzyme becomes inactivated by 
thermal deformation. The relationship between temperature 
and the rate of a chemical reaction can be described by the 
Arrhenius equation: 
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k = A exp(-Eg^ /kT) 
or 
log k = -E^ /2.303 R T + log A 
where k is the rate constant, A is the preexponential fac­
tor, is the activation energy, R is the ideal gas constant, 
and T is the absolute temperature. Thus, a plot of log k 
versus 1/T would result in a line with slope of -Eg/2.303 R 
and an intercept of log A. For any two temperatures, and 
T2, the slope between the two corresponding points on such a 
plot would be; 
(log kg - log k^ )/(l/T^  - l / T ^ )  =  ( E g/2.303 R) 
This equation can be solved for the activation energy, E^ : 
Eg = 2.303 R log (k^ /k^ l^/d/T^  - l/T^ ) 
The reaction rate is directly proportional to k when all the 
reactants remain at sufficiently high, constant concentra­
tions. In an assay procedure such as the one developed for 
the hydrolysis of TMP in soils, the concentration of TMP is 
relatively large, and the differences in rate of reaction at 
the different temperatures within a moderate temperature 
range (10-40°C) will cause only a small relative change in the 
concentration of TMP. Also, the concentration of the enzyme 
is assumed to be constant during incubation. This assumption 
is supported by the results from the temperature pretreatment 
study (Figure 23). Thus,, the ratio of the rates can be sub­
stituted for the ratio of the rate constants, which yields 
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the following equation; 
= 2.303 R log (rate2/rate^ )/(1/T^  - l/Tg) 
Arrhenius plots of the logarithm of the amount of TMP 
hydrolyzed versus the inverse of the absolute temperature of 
incubation were prepared for Lester, Webster and Harps soils 
for temperatures ranging from 10 to 40°C (Figure 29). The 
similar slopes for the three soils indicate similar values of 
for the enzymic hydrolysis of TMP. The energy of activa­
tion values for the enzymic hydrolysis of TMP as calculated 
from these Arrhenius plots were 26, 17, and 21 kJ/mole for 
Lester, Webster and Harps soils, respectively (Table 10). 
The nonenzymic hydrolysis of TMP in soils also showed 
an increase in reaction rate with increasing temperature, but 
for a much wider range of temperature than that observed for 
the enzymic hydrolysis of TMP (Figures 22 and 24). Therefore, 
Arrhenius plots were made of the nonenzymic hydrolysis of TMP 
for incubation temperatures ranging from 10 to 80°C (Figure 
30). These plots resulted in lines having nearly equal 
slopes and thus the calculated values of (Table 10) for 
the nonenzymatic hydrolysis of TMP were very similar (29, 32 
and 35 kJ/mole for Lester, Webster and Harps soils, respec­
tively) . Although the calcareous Harps soil showed appre­
ciably more nonenzymic hydrolysis of TMP than the other two 
soils, the activation energy values were similar, indicating 
similar or identical mechanisms of nonenzymic hydrolysis of 
Figure 29. Arrhenius equation plots of enzymic hydrolysis 
of trimetaphosphate in Lester, Webster and 
Harps soils 
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Table 10. Energies of activation calculated from Arrhenius 
equation plots of enzymic and nonenzymic hydroly­
sis of trimetaphosphate in soils 
Energy of activation 
Soil Enzymic Nonenzymic 
-kJ mole"^ -
Lester 26 29 
Webster 17 32 
Harps 21 35 
TMP in these soils. 
The energies of activation for enzymic hydrolysis of TMP 
in soils were less than the energies of activation for non­
enzymic hydrolysis (Table 10), The average E^  for enzymic 
hydrolysis of TMP in the three soils was 21 kJ/mole, while 
the average E^  for nonenzymic hydrolysis was 32 kJ/mole. 
Both of these energies of activation are lower than those 
reported by Watanabe et al. (1975) for the hydrolysis of TMP 
in water at high and low pH values. They reported activa­
tion energies of 85 to 91 kJ/mole for the hydrolysis of TMP 
at low pH values (pH 1 and 2) and 114 to 115 kJ/mole for the 
hydrolysis of TMP at high pH values (pH 11 and 12). The pH 
was adjusted by means of nitric acid and tetramethyl ammonium 
hydroxide for low and high pH values, respectively. Thus, 
the hydrolysis of TMP took place in the absence of any 
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metallic cations other than the Na ions resulting from the 
dissolution of the sodium salt of the TMP. From energy of 
activation values obtained in this study (Table 10), it 
appears that inorganic soil constituents lower the activation 
energy for the nonenzymic hydrolysis of TMP. 
Precision 
As previously discussed (Part II), the precision of de­
termining the amount of TMP in solution was excellent, with 
coefficients of variation ranging from 0.2 to 1.0%. To ex­
amine the precision of the assay method developed for both 
the enzymic and nonenzymic hydrolysis of TMP in soils, the 
assay procedure was performed several times on each of the 
six soils studied (i.e., both sterilized and unsterilized 
soils). Table 11 shows the ranges, means, standard deviations, 
and coefficients of variation for the values obtained. The 
means of enzymic hydrolysis of TMP ranged from 231 to 928 p.g 
TMP-P/g soil'5 h, and the means of nonenzymic hydrolysis 
ranged from 101 to 888 jj,g TMP-P/g soil* 5 h. The standard 
deviations of the assay of both pathways of hydrolysis were 
similar, with a range from 12 to 49 jig TMP-P/g soil* 5 h. The 
coefficients of variation ranged from 1.9 to 21.7%, with the 
highest value resulting from Hayden soil which showed a very 
low rate of nonenzymic TMP hydrolysis. 
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Table 11. Precision of assay of enzymic 
hydrolysis of TMP in soils 
and nonenzymic 
Type of 
hydrolysis 
TMP hydrolyzed^  
Soil Range Mean SD CV^  
|j.g TMP-P g-' 5 h"^ — % 
Clarion Enzymic 
Nonenzymic 
207-254 
405-475 
231 
431 
19 
23 
8.2 
5.3 
Hayden Enzymic 
Nonenzymic 
499-525 
84-131 
515 
101 
12 
22 
2.3 
21.7 
Muscatine Enzymic 
Nonenzymic 
381-454 
438-509 
416 
459 
27 
29 
6.5 
6.3 
Webster Enzymi c 
Nonenzymic 
451-523 
468-587 
482 
527 
32 
49 
6.6 
9.3 
Lester Enzymic 
Nonenzymic 
889-953 
454-523 
928 
478 
18 
25 
1.9 
5.2 
Harps Enzymic 
Nonenzymic 
618-690 
840-936 
646 
888 
28 
34 
4.3 
3.8 
R^esults of 6 to 8 analyses; SD, standard deviation. 
C^V, coefficient of variation. 
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Effects of Various Chemical Compounds on 
TMP Hydrolysis in Soils 
Enzyîiiic reactions such as the enzymic hydrolysis of TMP 
are frequently susceptible to rate changes due to the presence 
of various chemical substances which may activate or inhibit 
the enzyme by one of several mechanisms. The rate of non-
enzymic hydrolysis of TMP by soils may also be changed in the 
presence of substances which would affect the solubilities 
of various cations. The effects of various substances were 
examined by pretreating 1 g of soil with 0.25 mL of 0.2 M 
solution of the compounds listed in Table 12 (except for 
toluene and formaldehyde). The soil and solution were allowed 
to equilibrate for 30 minutes before assaying the enzymic and 
nonenzymic hydrolysis of TMP by the method developed. A con­
trol treatment was also performed by adding 0.25 mL of water 
instead of the treatment specified. Changes in pH of the 
soil-solution were negligible. 
Table 12 shows the effect of various compounds on enzymic 
and nonenzymic hydrolysis of TMP in Lester and Harps soils. 
Statistical analysis showed that several compounds signifi­
cantly inhibited the enzymic hydrolysis of TMP in soils. 
These included formaldehyde, EDTA, mercuric chloride, ascorbic 
acid, and orthophosphate. Ammonium chloride activated this 
enzyme in soils. Formaldehyde is known to denature proteins 
and is expected to decrease enzyme activity. EDTA is a strong 
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Table 12. Effect of various compounds on enzymic and noxi-
enzymic hydrolysis of TMP in soils 
Amount of TMP hydrolyzed by soil speciiied 
Lester Harps 
Compound^  Enzymic Nonehzymic Enzymic Nonenzymic 
jag TMP-P g~^  soil 5 h~^  
None 894 427 629 . 734 
Toluene 962 465 609 743 
Formaldehyde 248 223 348 516 
NagCOg 806 487 648 550 
NagEDTA 565 181 504 612 
HgClg 546 516 442 626 
NaNOg 817 453 254 1140 
Ascorbic acid 570 255 447 624 
Orthophosphate 590 361 395 648 
Pyrophosphate 862 199 543 336 
Triphosphate 809 172 532 302 
KNO3 796 490 574 846 
K2SO4 891 716 665 1082 
NH^ Cl 1050 607 646 846 
CaC l ^  820 665 634 999 
MgClg 850 607 610 1060 
KCl 858 467 681 824 
NaCl 907 444 599 753 
LSD (P<0.05) 108 108 100 103 
A^ sample of soil (l g) was treated with 0.25 mL of 
toluene, 37% formaldehyde solution, or solution made 0.2 M 
with respect to the compound specified. After 30 min of 
equilibration at room temperature (23°C), the enzymic and 
nonenzymic hydrolysis of TMP was assayed. 
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chelator of many cations and is expected to remove cations 
that may be necessary for activation of the enzyme. Meyerhof 
et al. (1953) reported that the addition of Mn^ *, Co^ *, 
2+ 
and Zn resulted in greater enzyme activity of trimetaphos-
phatase extracted from yeast. However, the assay relied upon 
the release of OP and was dependent on at least one other 
enzyme to hydrolyze TMP to OP. Thus, the activation may have 
been the result of activation of an enzyme other than trimeta-
phosphatase. Berg and Gordon (1960) reported that they found 
no activation of trimetaphosphatase of rat intestinal mucosa 
2+ by several cations they tested. Also, no activation by Mg 
was observed with the trimetaphosphatase activity of pea ex­
tracts (Pierpoint, 1957) or yeast extracts (Mattenheimer, 
1955). Mercuric ion is known to inactivate enzymes by react­
ing with -SH groups of some enzymes. Ascorbic acid also 
caused a decrease in enzyme activity, due possibly to the 
reduction of the disulfide bonds associated with active sites 
of trimetaphosphatase. 
The rates of nonenzymic hydrolysis of TMP in two soils 
were significantly decreased by the addition of formaldehyde, 
NagCOg, Na2EDTA, HgClg, ascorbic acid, PP, and TP. However, 
NaN02, KNO^ , ^ 2^ 0^ , NH^ Cl, CaCl2, and MgCl2 significantly 
increased nonenzymic hydrolysis of TMP in soils (Table 12). 
Some of these changes in the rate of hydrolysis may be re­
lated to the availability of certain cations which catalyze 
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the hydrolysis of TMP. Van Wazer (1958) indicates that Ca 
catalyzes the hydrolysis of TMP. Additions of cations which 
catalyze the hydrolysis of TMP or could replace such cations 
+ + 9+ 2+ from exchange sites (e.g., Na , K , Ca , Mg ) should cause 
an increase in the rate of hydrolysis of TMP. Substances 
which would reduce solution concentrations of the required 
cations, by complexation or precipitation (e.g., EDTA, CO^ ,^ 
PP and TP), should cause a reduction in the rate of nonenzymic 
hydrolysis. The results reported in Table 12 support these 
concepts. 
Orthophosphate decreased the enzymic hydrolysis of TMP 
in both Lester and Harps soils by an average of 35%. Ortho-
phosphate is known to be a competitive inhibitor of phospha­
tases. Therefore, the mode of its action on trimetaphosphatase 
deserves investigation. Since the mode of inhibition effects 
either the K and(or) V  ^of the enzymic reaction, the in-
m m&x 
hibition by OP was examined by assaying Lester soil for en­
zymic hydrolysis of TMP at concentrations varying from 1 to 
25 itM TMP and at a constant concentration of OP (3.3 irM). 
Various analogues of OP were substituted for the OP, namely, 
tungstate, molybdate, arsenate, borate, and vanadate, by using 
Na^ WO^ .ZHgO, NagMoO^ 'ZHgO, NagHAsO^ 'VHgO, and V0S0^ *2H20, 
respectively. A similar amount of EDTA was also used in place 
of the OP. The additions of these substances were accom­
plished by adding 1 mL of a 0.10 M solution of the desired 
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substance to the 1 g of sterilized or unsterilized soils, 
allowing the soil-solution mixture to equilibrate for 30 
minutes, adding 2 mL of 0.15 M Tris buffer with various con­
centrations of TMP. The resulting data were plotted accord­
ing to the Lineweaver-Burk transformation of the Michaelis-
Menten equation (Figure 31). 
The results shown in this graph suggest that these sub­
stances, including EDTA, are limiting the reaction rate by 
noncompetitive inhibition of the enzyme. That is, the value 
of is remaining constant, but the is decreased. En-
m in SX 
zymes may be noncompetitively inhibited by the removal of 
metal ions required for activity by strong^  chelating agents 
such as EDTA (Lehninger, 1975). The compounds examined in 
this study all showed noncompetitive type inhibition, but 
varied considerably in their chemical properties. The in­
hibition of trimetaphosphatase by EDTA, a strong chelating 
agent, suggests that metal ions are required for its ac­
tivity. The noncompetitive inhibition observed with ortho-
phosphate and its analogues could be due to precipitation 
of certain metals required for the reaction catalyzed by 
this enzyme. 
Figure 31. Lineweaver-Burk plots of trimetaphosphatase activity in Lester soil 
in the presence and absence of select trace elements (100 jamole g~^  
soil); substrate concentration (S) is in M and velocity (V) is in |ig TMP-P hydrolyzed soil 5 h"l 
» Control 
o Phosphate 
A Tungstate 
A Molybdate 
EDTA 
•  Arsenate 
Borate 
o Vanadate 
(1/S) " 10-2 
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PART IV. FACTORS AFFECTING TRIMETAPHOSPHATASE 
ACTIVITY OF SOILS 
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INTRODUCTION 
The activities of enzymes in soils may depend on soil 
properties which affect the amount of enzyme produced or the 
stabilization of enzymes released into the soil environment. 
Several soil properties have been observed to be correlated 
with enzyme activities, the most common of which is the 
organic matter content of soils (Bremner and Mulvaney, 1978; 
Speir and Ross, 1978; Skujins, 1978). Information on the 
relationships between the enzymic or nonenzymic hydrolysis 
of TMP and other soil properties are not available. It is 
known, however, that pH, colloidal gels, complexing cations 
and the ionic environment can increase the rate of hydrolysis 
of polyphosphates (Van Wazer, 1958). 
Many soil properties change considerably with increasing 
depth in a soil profile. Organic matter contents and enzyme 
activities generally decrease with increasing depth in a soil 
Speir and Ross, 1978). Factors such as pH and cation con­
centrations which contribute to the nonenzymic hydrolysis of 
TMP would also show considerable variation with depth in 
soils. Changes in the rate of hydrolysis of TMp with depth 
in soils is of particular interest because of the possible 
penetration of TMP into the soil profile (TMP is not adsorbed 
by soils). 
The effects of the methods of storage of soils on enzyme 
activities are varied (Speir and Ross, 1975). Information 
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regarding the effects of storage on trimetaphosphatase ac­
tivity would be useful in choosing storage conditions that 
are convenient and will reasonably preserve the activity of 
the enzyme. Therefore, the objectives of the work reported 
in this part were: (l) to study the soil properties that 
affect the enzymic and nonenzymic hydrolysis of TMP, (2) to 
study the distribution of trimetaphosphatase activity and the 
rate of nonenzymic hydrolysis of TMP in selected Iowa soil 
profiles, (3) to assess the effect of cultivation on the ac­
tivity of this enzyme in soils, and (4) to study the effect 
of storage treatments on trimetaphosphatase activity in soils. 
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MATERIALS AND METHODS 
Soils 
The 28 surface soils used in the study of the effects 
of various soil properties on enzymic and nonenzymic hydroly­
sis of TMP were air-dried samples (<2-mm mesh). Pertinent 
properties of these soils are reported in Appendix Table 25. 
The results were obtained by the methods described in Part I. 
Pyrophosphatase activity values (Table 26, Appendix) were 
determined by the method of Dick and Tabatabai (1978), and 
enzymic and nonenzymic hydrolysis of TMP in soils were deter­
mined by the method described in Part III. 
The profile samples used were those of a Clarion, Web­
ster, Marna, and Marshall soils. The samples were air-dried 
and crushed to pass a 2-mm screen. The organic C content and 
the pH of the profile samples were determined as described in 
Part I. 
The soils used in the study of the effect of vegetation 
and storage condition on enzymic and nonenzymic hydrolysis of 
TMP were Clarion, Webster, and Harps soils. The field-moist 
samples were crushed to pass a 2-mm screen and separate sub-
samples were placed in plastic bags for storage at room tem­
perature (23°C), 5 or -20°C. An additional subsample of each 
soil was air-dried and stored at room temperature in a glass 
bottle. The pH, organic C content, and particle-size 
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distribution of these soil samples are given in Table 13. The 
methods of soil analysis employed for these soils have been 
previously described in Part I. 
Procedure 
The assay procedure developed (described in Part III) 
was used to measure the activity of trimetaphosphatase and 
the rate of nonenzymic hydrolysis of TMP in soils. In the 
study of the effect of Ca and Mg on enzymic and nonenzymic 
hydrolysis of TMP in soil, the assay procedure was modified 
to facilitate the addition of CaClg and MgClg solutions. In 
these experiments, the 1 g of soil was treated with 1 mL of 
25, 50, 75, 100, or 125 irM CaCl2' 2H2O or MgCl2' 6H2O and, 
after 30 min of equilibration at room temperature, the enzymic 
and nonenzymic hydrolysis of TMP was determined by using 2 mL 
of buffered (0.15 M Tris, pH 8.0) 37.5 irM TMP (the final con­
centrations were 25 iriM TMP and 0.1 M Tris). The remaining 
steps of the assay procedure were the same as those described 
in Part III. To perform controls with respect to the addi­
tion of Ca or Mg, 1 mL of water was substituted for the 1 mL 
of CaCl2 or MgCl2. 
Table 13. Properties of soils used in studies of the effect of vegetation and 
storage on enzymic and nonenzyinic hydrolysis of TMP 
Organic Moisture 
Soil Vegetation pH C Sand Silt Clay content 
Clarion Grass 6.12 2.97 42.5 33.9 23.6 16.6 
Clarion Soybean 5.54 2.02 38.4 37.4 24.2 13.7 
Harps Grass 7.27 4.20 29.0 42.7 28.3 14.5 
Harps Soybean 7.49 3.46 25.1 43.9 31.0 16. 3 
Webster Grass 6.64 2.97 30.2 42.0 27. 8 21.9 
Webster Soybean 6.49 2.02 36.6 35.9 27.5 15.0 
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RESULTS AND DISCUSSION 
Effect of Soil Properties 
Table 14 shows simple correlation coefficients for 
paired relationships between selected soil properties and 
enzymic or nonenzymic hydrolysis of TMP in soils. Trimeta-
phosphatase activity was significantly correlated with or­
ganic C (r=0.75***), total N (r=0.82***), dithionite-
extractable Fe (r=0.45*), CEC (r = 0.72***), clay content 
(r=0.52**), surface area (r=0.47*), and pyrophosphatase ac­
tivity (r=0.41*). The relationships between trimetaphos-
phatase activity and some of the soil properties (e.g., or­
ganic C, total N, clay content) are expected because such 
relationships have been reported for other soil enzymes 
(Speir and Ross, 1978). 
The rate of nonenzymic hydrolysis of TMP in soils was 
also significantly correlated with several soil properties 
(Table 14). Simple correlation coefficients indicated that 
the rate of nonenzymic hydrolysis of TMP was significantly 
correlated with pH (r=0.62***), organic C (r=0.62***), total 
N (r=0.59***), organic P (r=0.46*), inorganic P (r=0.56***), 
water-extractable Ca (r=0.79***), water-extractable Mg (r= 
0.45*), CEC (0.72***), clay content (r=0.74***), and surface 
area (r=0.84***). Interpretation of the correlation that 
exists between the rate of nonenzymic hydrolysis of TMP and 
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Table 14. Simple correlation coefficients for paired rela­
tionships between selected soil properties and 
enzymic or nonenzymic hydrolysis of TMP in soils 
Soil 
property 
Correlation coefficient (r) 
Enzymic Nonenzymic 
pH 0.28 0.62*-* 
Organic C 0.76*** 0.62*** 
Total N 0.82*** 0.59*** 
Organic P 0.04 0.46* 
Inorganic P 0.19 0.56*** 
Dithionite-
extractable Fe 0.45* -0.25 
Dithionite-
extractable A1 0.23 -0.17 
Water-extractable Ca 0.32 0.79*** 
Water-extractable Mg 0.35 0.45* 
Exchangeable K 0.11 0.23 
CEC 0.72*** 0.72*** 
Clay 0.52** 0.74*** 
Silt -0.25 0.09 
Sand 0.30 -0. 32 
Surface area 0.47* 0.84*** 
CaCO- 0.02 0.24 
Pyrophosphatase activity 0.41* -0.25 
*,**,***Significant at 5, 1, and .01%. 
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soil properties is difficult in view of the complexity and 
interrelationships of the soil properties. An obvious and 
important soil property which is correlated with the non­
enzymic hydrolysis is the extractable Ca content. This re-
2+ lationship is expected because Ca is known to catalyze the 
hydrolysis of TMP, especially at higher pH values (Healy and 
Kilpatrick, 1955). 
Effect of Ca and Mg 
Because the nonenzymic hydrolysis of TMP in soils was 
significantly correlated with the water-extractable Ca and Mg 
contents of 28 soils examined (Table 14), the effects of addi­
tion of these cations on the hydrolysis of TMP in soils were 
studied by adding 25, 50, 75, 100, or 125 |j,moles of calcium 
chloride or magnesium chloride to 1 g of soil before assaying 
for enzymic and nonenzymic hydrolysis of TMP by the method 
developed. Figure 32 shows the effect of these cations on the 
enzymic and nonenzymic hydrolysis of TMP in Hayden and Lester 
soils. It is evident that Ca^* and Mg^"*" have negligible ef­
fect on the enzymic hydrolysis of TMP in soils. The lack of 
activation by Ca^* and Mg^* indicates that trimetaphosphatase 
in soils does not require these cations for activity or that 
there is sufficient amounts of cations already present in the 
soil for maximum enzyme activity. 
The nonenzymic hydrolysis of TMP in Hayden and Lester 
Figure 32. Effects of Ca and Mg on the enzymic and non-
enzymic hydrolysis of TMP in Hayden and Lester 
soils; #, enzymic hydrolysis in the presence 
of Ca or Mg; O, nonenzymic hydrolysis in the 
presence of Ca; nonenzymic hydrolysis in the 
presence of Mg 
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soils increased linearly with the addition of uniform incre­
ments of Ca^* or (Figure 32). The slopes of the lines 
describing the increase in nonenzymic hydrolysis of TMP with 
2+ increasing amounts of Ca added were 4.6 and 5.2 (jig TMP-P 
hydrolyzed/jimole Ca • 5 h) for Hayden and Lester soils, re-
2+ 
spectively. The corresponding slopes for Mg were 2.1 and 
2.4 (jig TMP-P hydrolyzed/|Limole Mg^*'5 h) . The values of these 
2+ 
slopes indicate that Ca is approximately twice as effective 
in increasing the rate of the nonenzymic hydrolysis of TMP 
2+ in soils as is Mg . These results are in agreement with the 
high degree of correlation between the water-extractable Ca 
contents of soils and the nonenzymic hydrolysis of TMP in 
soils (Table 14). These results are also in agreement with 
those available in the literature concerning the effects of 
2+ 
Ca on the chemical hydrolysis of TMP (Healy and Kilpatrick, 
1955). 
Distribution in Soil Profiles 
Since the rate of enzymic and nonenzymic hydrolysis of 
TMP was found to be dependent on several soil properties, it 
is expected that these rates of hydrolysis of TMP would show 
considerable variation with depth in soil profiles. There­
fore, the rates of enzymic and nonenzymic hydrolysis of TMP 
in four soil profiles were studied. The pH, organic C, and 
rates of enzymic and. nonenzymic hydrolysis of TMP are shown 
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in Figure 33 for Clarion, Webster, Marna, and Marshall soils. 
From these results, it is clear that both organic C and the 
rate of enzymic hydrolysis of TMP decreased rapidly with depth 
in the profile. The dependence of enzymic hydrolysis of TMP 
on the organic C content of the soil is in agreement with 
findings from similar studies of other enzymes (Speir and 
Ross, 1978). These results support the significant relation­
ship between enzymic hydrolysis of TMP and organic C of soils 
reported in Table 14. 
The nonenzymic hydrolysis of TMP showed considerably 
different variation with depth in the soil profile from the 
enzymic hydrolysis. The rate of nonenzymic hydrolysis of TMP 
increased to a depth of 30 to 75 cm. Below this depth, the 
rate of hydrolysis decreased. The initial increase in rate 
with increasing depth in the profile was accompanied by an 
increase in pH, indicating that the surface horizons were 
somewhat depleted in basic cations which can contribute to the 
catalysis of TMP hydrolysis. However, the decrease in non­
enzymic hydrolysis of TMP at greater depths in the profile was 
accompanied by an increase in pH. This decrease in rate is 
apparently unrelated to the presence of basic cations. 
Effect of Vegetation 
To examine the effects of vegetation on the rates of the 
enzymic and nonenzymic hydrolysis of TMP in soils, samples of 
Figure 33. Distribution of trimetaphosphatase activity and 
the nonenzymic hydrolysis of TMP in Clarion, 
Webster, Marna and Marshall soil profiles; 
enzymic and nonenzymic hydrolysis are expressed 
in |j,g TMP-P hydrolyzed g~l soil 5 h~^ 
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Clarion, Harps, and Webster soils were collected from ad­
jacent plots of grass and soybeans, and were assayed by the 
method developed. From the results shown in Table 15, it is 
evident that soils from the grass plots had higher trimeta-
phosphatase activities than the corresponding soils from the 
soybean plots. This result is anticipated since the soils 
from the grass plots also had higher organic C contents 
(Table 13). Nonenzymic hydrolysis of TMP showed only minor 
variations with the vegetation present (Table 15). Vegeta­
tion would be expected to have a lesser effect on the non­
enzymic hydrolysis than on the enzymic hydrolysis of TMP, 
because several of the soil properties (e.g., pH, water-
extractable Ca content, clay content) that are significantly 
correlated with the nonenzymic hydrolysis of TMP are not 
readily affected by vegetation. 
Effects of Storage 
The effect of storage conditions on enzymic and non­
enzymic hydrolysis of TMP in soils is shown in Table 16. 
Storage of air-dried soils at room temperature for 12 weeks 
resulted in an average loss in trimetaphosphatase activity 
of 15% as compared with the activity of freshly sampled soils. 
Storage of field-moist soils at room temperature, 5°, and 
-20°C resulted in average losses in trimetaphosphatase ac­
tivities of 9, 0, and 8 as compared with, freshly sampled 
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Table 15. Effect of vegetation on enzymic and nonenzyraic 
hydrolysis of TMP in soils 
Soil Vegetation Enzymic^ Nonenzymic^ 
Clarion Grass 563 768 
Clarion Soybean 367 768 
Harps Grass 555 742 
Harps Soybean 325 811 
Webster Grass 929 402 
Webster Soybean 248 413 
TMP-P hydrolyzed g ^ soil 5 h 
soils. These results indicate that storage of field-moist 
soils at 5°C is effective in maintaining the trimetaphospha-
tase activity in soils. Figures 34, 35, and 36 show the ef­
fects of time of storage on trimetaphosphatase activity of 
Clarion, Harps, and Webster soils, respectively, sampled from 
fields under soybeans and grass. Clarion soil under grass 
(Figure 34) lost considerable amounts of activity upon air 
drying. The trimetaphosphatase activity, however, was stable 
in the air-dried soil when the samples were stored for times 
ranging from 2 to 12 weeks. The activity of this enzyme did 
not significantly change when field-moist soils were stored 
at room temperature, 5°, or -20°C (Figures 34-36). 
The rate of nonenzymic hydrolysis of TMP in soils was not 
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Table 15. Effect of storage of soils on enzymic and non-
en zymic hydrolysis of TMP in soils 
Soil Vegetation Treatment^ Enzymic^ Nonenzymic' 
Clarion Grass FM 929 (100) 402 (100) 
AD 538 (58) 396 (99) 
FMa 836 (90) 396 (99) 
FMr 875 (94) 483 (120) 
FMf 704 (76) 450 (112) 
Clarion Soybean FM 248 (100) 413 (100) 
AD 236 (95) 331 (80) 
FMa 238 (96) 376 (91) 
FMr 260 (105) 488 (118) 
FMf 257 (104) 419 (101) 
Webster Grass FM 563 (100) 768 (100) 
AD 517 (92) 620 (81) 
FMa 536 (95) 746 (97) 
FMr 550 (98) 795 (104) 
FMf 525 (93) 785 (101) 
Webster Soybean FM 367 (100) 768 (100) 
AD 299 (81) 609 (79) 
FMa 300 (82) 723 (94) 
FMr 367 (100) 772 (101) 
FMf 308 (84) 797 (104) 
Harps Grass FM 555 (100) 742 (100) 
AD 457 (82) 675 (91) 
FMa 534 (96) 743 (100) 
FMr 581 (105) 740 (100) 
FMf 550 (99) 746 (101) 
Harps Soybean FM 325 (100) 811 (100) 
AD 333 (102) 743 (92) 
FMa 288 (89) 812 (100) 
FMr 318 (98) 861 (106) 
FMf 320 (98) 814 (100) 
AD, air-dried soil; FMa, field-moist soil stored at am­
bient temperature (22°C)} FMr, field-moist soil stored at 5° 
C; FMf, field-moist soil stored at -20°C. 
^jig TMP-P hydrolyzed g~^ soil 5 h~^. Figures in paren­
theses are relative activity. With the exception of FM 
samples which were assayed with 48 h after sampling, the 
samples stored under other conditions were assayed after 
3 months. 
Figure 34. Effect of time of storage on trimetaphosphatase activity of cultivated 
(O) and uncultivated (®) Clarion soil; FMf, field-moist soil stored at 
5°C; FMf, field-moist soil stored at -20°Cj AD, air-dried soil; FMa, 
field-moist soil stored at ambient temperature (22°C); the values at 
0 time of storage are those of freshly sampled soils assayed under 
field-moisture conditions 
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Figure 35. Effect of time of storage on trimetaphosphatase activity of cultivated (O) and uncultivated (0) Webster soil; FMr, field-moist soil stored at 
5°C} FMf, field-moist soil stored at -20°C; AD, air-dried soil; FMa, 
field-moist soil stored at ambient temperature (22°C); the values at 0 
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Figure 36. Effect of time of storage on trimetaphosphatase activity of cultivated (O) and uncultivated (•) Harps soil; FMr, field-moist soil stored at 
5°C; FMf, field-moist soil stored at -20°Cj AD, air-dried soil; FMa, 
field-moist soil stored at ambient temperature (22°C); the values at 
0 time of storage are those of freshly sampled soils assayed under 
field-moisture conditions 
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affected when the Webster soil samples were stored under 
field-moist conditions at 5° or -20°C. The values for the 
Harps soil samples were not affected when samples were stored 
at room temperature, 5°, or -20°C. The values for the Clarion 
soil, however, increased when samples of soil obtained from a 
field under grass were stored at 5° or -20°C. The Clarion 
soil from a field under soybeans and the Webster and Harps 
soils from fields under grass or soybeans showed decreases 
in the nonenzymic TMP hydrolysis when these samples were air 
dried and stored for 12 weeks. 
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SUMMARY AND CONCLUSIONS 
Most of the phosphorus added to soils through the appli­
cation of phosphate fertilizers is removed from the soil solu­
tion by adsorption. The adsorption of P by soil restricts the 
movement of P and decreases its plant availability. Ortho-
phosphate (OP) is the dominant form of P in fertilizers 
presently used to increase the available P in soils. Polyphos­
phates added to soils are also effective in supplying P to 
growing plants and differ considerably from orthophosphate in 
their chemical properties. Because of the high degree of ad­
sorption by soils and, therefore, the low efficiencies of 
orthophosphate fertilizers, the behavior of polyphosphates in 
soils is of considerable interest. 
The objectives of this study were (l) to characterize 
the adsorption of various chain-length polyphosphates by soils 
and clay minerals, (2) to develop a method for determination 
of trimetaphosphate (TMP) added to soils, (3) to develop a 
procedure for assay of trimetaphosphatase activity of soils, 
and (4) to assess the factors affecting trimetaphosphatase 
activity in soils. 
The results of this study can be summarized as follows: 
1. The adsorption of orthophosphate and polyphosphates 
with 2 to 65 phosphate units per molecule by soils and clay 
minerals was characterized by examining the effects of P con­
centration on adsorption of P. The adsorption of OP and poly-
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phosphates was essentially complete within 1 h of equilibra­
tion. Polyphosphates, especially pyrophosphate, were ad­
sorbed to a greater extent by soils and clay minerals than 
was OP. By employing the Langmuir and Freundlich models of 
adsorption, the results showed that Iowa soils generally have 
a higher affinity for polyphosphate than for OP, a higher 
affinity for PP than and other polyphosphates, and somewhat 
higher affinities for polyphosphates with 3 to 5 phosphate 
units per molecule than for longer chain polyphosphates. The 
affinity of soils for OP, PP, and triphosphate (TP) was most 
dependent on the clay content of the soils examined. The 
affinity of soils for longer chain polyphosphates was most 
dependent on the dithionite-extractable Fe and A1 contents of 
the soils. Increasing the temperature of equilibration in­
creased the adsorption of OP, PP, and TP, but decreased the 
adsorption of long-chain polyphosphate (35 phosphate units 
per molecule). 
2. A simple and precise method for the determination of 
TMP added to soils was developed. The method involves the 
precipitation of other phosphates by the addition of barium 
chloride to a buffered (0.1 M Tris at pH 5-9) solution-soil 
mixture. After converting the TMP to OP by acid hydrolysis, 
the amount of TMP-P was colorimetrically determined by a 
modified Murphy-Riley procedure. The recovery of TMP was 
>96% at pH values from 5 to 9, even in the presence of large 
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amounts of OP, PP, and TP. The precision of determination of 
the TMP added to soils "was excellent (coefficients of varia­
tion <1%). 
3. Trimetaphosphate, a polyphosphate not adsorbed by 
soils, is hydrolyzed when added to soils to yield TP. Thie 
transformation is catalyzed biochemically by the enzyme tri-
metaphosphatase, and chemically by inorganic constituents of 
the soils, such as Ca and Mg ions. Results showed that the 
optimum buffer pH of the enzymic hydrolysis of TMP in soils 
"was pH 8, "While the nonenzymic hydrolysis of TMP generally 
increased with pH. Maximum trimetaphosphatase activity 
occurred at an incubation temperature of 40°C, above which the 
enzyme was inactivated. However, the nonenzymic hydrolysis 
of TMP in soils continued to increase with temperature, 
even at the highest temperature examined (80°C). Values of 
the Michaelis-Menten constant (K^^) for trimetaphosphatase ac­
tivity in soils varied from 6,3 to 7.2 irM TMP, while the 
maximum velocity of the reaction ranged from 590 to 
1200 fig TMP-P hydrolyzed/g soil* 5 h. Calculated values of 
the activation energy (E^) of the enzymic hydrolysis of TMP 
in soils varied from 17 to 26 kJ/mole as compared to a range 
from 29 to 35 kJ/mole for the nonenzymic hydrolysis of TMP. 
Trimetaphosphatase activity of the six soils examined ranged 
from 231 to 929 (ig TMP-P hydro lyzed/g soil'5 h. The amount of 
TMP hydrolyzed nonenzymically in soils ranged from 101 to 888 
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jig TMP-P hydrolyzed/g soil* 5 h. Several compounds (e.g., 
formaldehyde, mercuric chloride, PP, TP and ascorbic acid) 
inhibited trimetaphosphatase activity in soils. Orthophos­
phate, analogues of OP, and EDTA noncompetitively inhibited 
trimetaphosphatase activity in soils. 
4. Trimetaphosphatase activity of soils was signifi­
cantly correlated with the organic C and clay contents, while 
the nonenzymic hydrolysis of TMP was significantly correlated 
with pH, organic C contents, water-extractable Ca, water-
extractable Mg, and clay contents of soils. The enzymic hy­
drolysis of TMP was not affected, but the nonenzymic hydroly­
sis of TMP increased linearly with the amount of Ca or Mg ions 
added to soils. Calcium ions were approximately twice as 
effective as Mg ions in increasing the rate of the nonenzymic 
hydrolysis of TMP in soils. Trimetaphosphatase activity de­
creased with the organic C content and with depth in soil 
profiles. Trimetaphosphatase activities were greater in soils 
under grass than their cultivated counterparts under soybeans. 
The nonenzymic hydrolysis of TMP showed minor variations with 
the vegetation present. Storage of field-moist soils at 5°C 
was effective in maintaining the trimetaphosphatase activity 
of soils for at least 12 weeks. 
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Table 17. Effect of phosphate compounds and P concentrations 
on adsorption of P by Clarion soil^ 
IPC EPC AP EPC AP EPC AP 
10 4.0 53 0.28 102 0.52 90 
10 3.9 54 0.32 102 0.6 89 
20 10.2 84 1.2 198 2.7 163 
20 10.2 84 - - 2.8 162 
30 17.0 108 2.8 288 7.1 214 
30 16.7 111 - - 6.9 216 
40 23.2 139 7.1 350 13.0 250 
40 - - 6.8 353 12.8 252 
50 - - 12.4 402 19.0 285 
50 32.8 136 12.5 401 19.4 282 
-P 
^15~ — — — — — — — — 
10 0.44 95 0.92 92 0.80 90 
10 0.52 94 1.0 91 0.88 89 
20 1.5 184 1.8 184 2.2 173 
20 1.7 182 1.9 184 2.1 174 
30 8.1 218 4.1 262 3.4 258 
30 8.9 210 4.0 263 3.5 257 
40 9.5 304 6.1 343 5.6 334 
40 11.2 287 6.8 336 6.3 326 
50 19.4 304 10.6 400 7.4 413 
50 15.9 339 11.2 394 8.0 407 
10 0.88 90 0.84 88 0.80 91 
10 0.96 89 0.88 88 0.84 91 
20 1.8 179 1.8 176 1.8 180 
20 1.9 178 1.9 175 1.8 180 
30 3.1 265 3.1 260 3.0 268 
30 3.0 266 3.0 261 3.0 267 
40 4.9 346 - - 4.8 349 
40 4.6 349 4.6 342 5.2 345 
50 6.3 431 7.0 415 6.5 431 
50 6.2 431 6.4 420 6.4 432 
IPC, initial P concentration (jag P*inL~ )j EPC, equi­
librium P concentration (|ig P*mL~^)} AP, adsorbed P (jig 
P«g~^ soil). 
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Table 18. Effect of phosphate compounds andP concentrations 
on adsorption of P by Hayden soil 
IPC EPC AP EPO AP EPC AP 
Pl~ - 1 U)
 1 1 1 1 1 
10 6.4 29 1.0 95 2.1 74 
10 7.1 22 1.0 95 2.1 74 
20 13.8 48 4.0 170 7.4 116 
20 13.9 46 4.3 167 7.8 112 
30 22.6 52 8.1 234 14.6 139 
30 21.8 60 6.8 248 12.5 160 
40 - - 14.2 279 22.5 155 
40 30.2 69 13.7 284 22.1 159 
50 39.6 68 20.3 323 - -
50 - - 19.4 332 - -
5 15 25 
10 1.6 84 1.2 89 1.2 86 
10 1.6 84 1.1 90 1.1 86 
20 - - 3.4 168 3.1 164 
20 6.4 135 3.9 164 2.9 166 
30 12.4 175 8.2 221 6.4 228 
30 13.2 168 8.6 218 6.8 234 
40 20.9 190 13.2 272 12.2 267 
40 20.0 199 13.4 271 10.2 288 
50 26.7 231 20.2 303 15.2 335 
50 28.5 214 - - 15.2 335 
10 1.2 87 1.8 78 1.4 85 
10 1.2 86 1.8 79 - -
20 2.7 171 2.5 169 2.6 172 
20 3.3 165 2.5 169 2.5 173 
30 5.3 243 4.8 243 4.6 252 
30 5.1 245 4.6 245 4.5 252 
40 8.9 306 8.0 308 7.3 324 
40 9.0 305 8.0 308 7.2 324 
50 14.9 344 12.5 360 11.9 377 
50 15.0 343 12. 8 356 11.3 383 
^IPC, initial P concentration (|j,g P*mL~ )j EPC, equi­
librium P concentration (|j.g P«mL"^) ; AP, adsorbed P 
(fxg P'g" soil). 
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Table 19. Effect of phosphate compounds and P concentrations 
on adsorption of P by Muscatine soil^ 
IPC EPC AP EPC AP EPC AP 
— — -
-Pl- P3. - — - — — ' 
10 - - 0.12 104 0.12 94 
10 3.9 54 0.04 105 0. 16 94 
20 9.6 90 0.68 204 0.92 181 
20 - - 0.52 205 1. 1 179 
30 16.6 112 1.4 302 3.1 254 
30 15.9 119 0.8 308 3.0 255 
40 21.0 161 2.4 397 5.5 325 
40 21.8 153 2.8 393 6.2 318 
50 29.8 166 5.1 475 11.6 359 
50 30.0 164 5.0 476 11.1 364 
— — — — — —  
^5-— — — — — ^15" • — — — ^25" * — — — 
10 0.44 95 1.0 91 0. 88 89 
10 0.6 94 1.2 90 1.1 87 
20 1.2 187 2.1 182 2.2 172 
20 - — 2.0 182 2.4 170 
30 2.8 271 3.3 270 3.6 256 
30 2.5 274 2.9 274 3 .6  256 
40 3.9 360 4.8 357 4.6 344 
40 4.7 352 4.5 360 4.6 344 
50 8.0 418 7.4 432 7.1 416 
50 7.6 422 7.7 429 7.3 414 
p 
25" — ^35" — — — ^65" — — 
10 1.9 80 1.8 78 1.8 81 
10 2.0 79 1.7 80 1.8 82 
20 2.6 171 2.7 167 2.5 173 
20 2.7 171 2.6 168 2.6 173 
30 4.3 253 3.8 253 3.7 261 
30 4.1 255 3.9 252 3.5 262 
40 5.5 340 5.3 335 5.4 342 
40 5.0 344 5.1 337 4.9 348 
50 7.2 422 6.4 421 6.7 429 
50 7.3 421 
' 
7.7 419 
IPC, initial P concentration (fig P'mL~ ); EPC, equi­
librium P concentration (fig P'mL" ) ; AP, adsorbed P (jig 
P-g"^ soil). 
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Table 20. Effect of phosphate compounds and P concentrations 
on adsorption of P by Webster soil^ 
IPC EPC AP EPC AP EPC AP 
— — — — — 
1 
M 
1 1 1 1 1 1 
— — — — — 
10 5.0 35 0.72 101 0.40 96 
10 4.3 53 0.78 100 0.82 92 
20 10.8 85 1.3 203 3.00 170 
20 11.4 79 1.3 203 1.7 184 
30 20.4 85 1.9 305 4.5 255 
30 19. 8 92 1.9 305 - -
40 28 .2  104 4.4 389 11.5 287 
40 28.0 105 7.5 357 9.8 304 
50 35.6 125 9.3 448 16 .2  340 
50 38.8 94 7.5 466 14.2 350 
10 0.84 92 1.3 90 1.0 90 
10 0.92 92 1.0 93 1.2 88 
20 2.1 181 2.2 185 2.2 178 
20 1.9 182 1.9 187 2.2 178 
30 4.3 260 3.2 278 3.4 266 
30 4.6 256 3.5 275 3.4 266 
40 8.8 315 5.4 358 5.4 345 
40 7.4 329 4.9 364 5.4 346 
50 11.8 385 7.0 446 6.4 435 
50 12.1 383 7.5 441 5. 6 435 
10 1.3 92 - - .92 93 
10 1.4 90 1.4 86 .96 92 
20 2.6 182 2.4 176 2.0 184 
20 2.6 183 2.5 176 2.1 183 
30 4.0 274 3.5 267 3.0 275 
30 3.2 281 4.0 260 3.0 275 
40 5.7 361 4.2 358 4.5 363 
40 5.7 361 4.2 358 4.5 352 
50 6.7 455 5.6 445 6.0 450 
50 6.0 462 5.5 445 5.9 451 
^IPC, initial P concentration (fxg P*mL~^) ; EPC, equi­
libration P concentration (jig P*mL~^); AP, adsorbed P (jig 
P.g-1 soil). 
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Table 21. Effect of phosphate compounds and P concentrations 
on adsorption of P by Lester soil 
IPC EPC AP EPC AP EPC AP 
— — — — — 
1 •T3
 
H
 1 1 1 1 I 1 1 1 1 1 1 I 
N)
 1 
10 3.2 61 0.3 102 0.5 90 
10 3.4 59 0.3 102 0.5 90 
20 8 .6  99 0. 8 202 2.7 163 
20 8.8 98 0.9 202 3.0 160 
30 14. 8 130 1.9 297 2.8 257 
30 15.6 122 1.8 298 2.8 257 
40 21.4 157 2.8 393 6.8 312 
40 20.0 171 2.6 395 5.8 322 
50 29.4 170 4.1 485 9.4 382 
50 29.6 168 4.2 484 9.2 384 
^5 Pl5-— — — — ^25" 
10 0.6 94 0.8 93 1.0 88 
10 0.6 94 1.1 90 1.2 86 
20 1.6 184 1.9 184 2.1 174 
20 1.6 184 2.1 182 2.1 174 
30 3.0 269 3.2 271 3.1 261 
30 3.2 267 3.2 271 5.0 242 
40 6.8 341 4.4 360 3.7 352 
40 5.5 344 4.2 362 4.6 344 
50 9.0 408 5.8 447 5.6 431 
50 8.4 414 6 .4  442 - -
10 - - 1.1 86 1.0 89 
10 1.1 88  1.0 87 1.3 86  
20 2.0 178 2.1 173 2.2 177 
20 2.2 176 2.3 171 2.3 175 
30 3.4 262 3.2 259 3.1 266 
30 3 .6  260 3.3 258 3.4 263 
40 - - 4.5 343 4.3 354 
40 - - 4.5 343 4.4 352 
50 6.0 434 5.9 426 5.8 438 
50 5.9 435 - - 5.6 440 
^IPC, initial P concentration (|j,g P*mL~ ) ; EPC, equi­
librium P concentration (|j,g P'mL"^) ; AP, adsorbed P (jj,g 
P'g~l soil). 
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Table 22. Effect of phosphate compounds and P concentra­
tions on adsorption of P by Harps soil 
IPC EPC AP EPC AP EPC AP 
— 
-Pl- — — 1
 1 1 1 1 1 
10 2.7 66 0.28 102 0.48 90 
10 2.5 66 0.44 101 0.48 90 
20 6.2 123 0.88 202 2. 3 167 
20 5.8 128 0.88 202 2.3 167 
30 9.4 184 1.5 300 2.2 262 
30 9.1 187 1.5 301 2.1 264 
40 12.7 244 1.7 404 3.9 341 
40 14.1 230 1.6 405 3.5 345 
50 16.7 296 2.0 506 4.6 429 
50 16.9 295 2.0 506 4.8 428 
P5- — 
^15" ^25" — — 
10 1.5 85 1.5 86 1.4 83 
10 1.5 84 1.5 86 1.8 79 
20 2.8 171 3.0 172 2.2 172 
20 - - 3.2 170 3.3 162 
30 3.8 262 4.0 263 3.6 256 
30 3.8 261 4.3 260 3.8 254 
40 6. 6 333 5.9 346 5.1 338 
40 6.5 334 6.5 340 6. 6 324 
50 9.2 406 8.9 416 8.5 402 
50 9.3 406 8.2 423 8.3 404 
p 35"' P45-" — — — ^65-
10 0.92 90 0.88 88 0.92 90 
10 0.92 90 1.0 86 0.96 90 
20 1.9 179 2.0 174 1.8 180 
20 2.2 176 2.0 174 1.7 182 
30 3.4 262 3.1 260 3.1 266 
30 3.2 264 3.1 260 3.0 267 
40 4.5 349 4.6 342 4.6 351 
40 4.7 348 4.8 340 4.7 350 
50 7.0 424 6.6 418 7.0 426 
50 6.6 428 7.0 414 6.6 430 
IPC, initial P concentration (fig P*mL~ ) ; EPC, equi­
librium P concentration (jig P*mL~^) ; AP, adsorbed P (jig 
P'g"l soi 1), 
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Table 23. Effect of phosphate compounds and P concentra­
tions on adsorption of P by illite^ 
IPC EPC AP EPC AP EPC AP 
-P^ — — — — -
-^2 — — — — •  "^3 
10 5.4 73 1.8 217 2.1 186 
10 6.2 76 1.6 222 2. 3 181 
20 14.3 106 7.2 346 - -
20 14.9 92 7.6 335 - -
30 23 .2  115 17.4 354 14.2 357 
30 23.0 120 - - 14.2 357 
40 31.0 152 25.4 416 17.6 510 
40 32.2 122 26. 1 399 23.3 358 
50 41.8 114 - - 31.1 410 
50 40.2 154 35.9 418 33.6 348 
10 1.1 222 1.0 228 1.2 215 
10 1.2 218 1.0 229 1.1 217 
20 4.5 386 1.9 458 3.8 391 
20 5.4 364 2.6 442 3.7 394 
30 11.0 474 8.0 557 8.9 507 
30 12.5 436 8.8 537 9.0 504 
40 20.4 488 16. 3 604 16.7 556 
40 - - 13.2 681 15.6 584 
50 26.4 585 23.2 684 25.9 570 
50 — - 24.6 648 - — 
P35-— — 1
 1 1 1 1 
U
l 1 ' — — 
^65' 
10 0.9 225 1.0 218 1.0 222 
10 1.0 221 1.0 218 1.1 221 
20 3.8 400 3.5 397 5.4 360 
20 4.7 376 4.5 372 6.1 344 
30 - - 9.5 490 14.0 394 
30 12.8 420 11.2 448 16.0 345 
40 - - 21.2 439 23.7 400 
40 20.2 483 22.8 400 24.6 378 
50 - - - - - -
50 26.1 581 30.0 462 30.5 477 
IPC, initial P concentration (fxg P'mL" ) ; EPC, equi­
librium P concentration (jag PthL"^); AP, adsorbed P (p.g 
P»g~^ soil). 
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Table 24. Effect of phosphate compounds and P concentra­
tions on adsorption of P by kaolinite^ 
IPC EPC AP EPC AP EPC AP 
— — — — — —  
'Pl-— — — — — — — — 1
 1 1 1 1 1 
w
 1 
—  — —  —  
10 6.0 83 2.3 205 2.4 178 
10 6.1 80 2.4 203 2.5 17G 
20 14.7 96 12.1 224 10.9 203 
20 14.7 96 12.2 220 10.8 206 
30 23.7 103 23.0 215 17.2 283 
30 24.0 94 21.9 242 17.6 272 
40 - - 32.5 239 28.'2 244 
40 32.0 127 32.0 252 29.5 213 
50 - ' - 43.2 234 38.2 232 
50 40.4 149 43.0 239 38.6 223 
— — — — — —  P5-— — — —  P15-— — — —  P25-
10 1.4 213 0.57 239 0.32 236 
10 1.2 219 0.47 241 0.34 235 
20 8.5 285 3.2 427 2.1 434 
20 8.9 276 3.3 423 2.2 432 
30 16.2 344 8.9 536 7.8 534 
30 16.2 344 9.1 531 7.9 533 
40 23.6 407 17.0 587 15.7 583 
40 24.0 397 16.7 593 15.9 576 
50 32.5 432 24.2 660 24.2 614 
50 33.1 419 24.5 651 24.2 614 
p 
35"' -  — —  —  
1 1 1 1 1 
Ul
 1 
—  —  
^65~" -  — —  —  
10 0.56 233 0.48 230 0.56 234 
10 0.56 233 0.64 226 0.40 238 
20 1.7 452 1.6 446 1.8 450 
20 2.0 443 2.2 431 1.7 454 
30 6.2 586 6.9 556 6.2 588 
30 6.8 569 6.9 556 6.2 588 
40 12.9 665 13.3 637 12.0 692 
40 13.3 655 14.6 606 12.6 677 
50 19.1 757 20.2 706 16.9 818 
50 20.7 716 18.1 760 17.1 812 
^IPC, initial P concentration (|j,g P*inL~^); EPC, equi­
librium P concentration (fig P*mL" ); AP, adsorbed P (ng 
P'g-1 soil). 
Table 25. Properties of soils used in Part IV 
Organic Total £h22Ei!22iS^. Extractable^ 
Soil PH C N 0 I Fe Al 
— -%— ^ soil — 1 mg* g soil 
Storden 8. 0 0. ,36 0. 043 292 424 5. 59 0. 326 
Hagener 6. 0 0. , 92  0. ,093 499 84 4. 71 0. 545 
Lester 6. 8 1. , 26  0. 150 151 174 3. 74 0. 294 
Clarion 6. 4 1. 43 0. 155 233 210 5. 82 0. 898 
Ida 7. 8 1. 57 0. 147 610 535 5. 97 0. 626 
Ackmore 6. 3 1. , 62  0. 138 227 260 4. 64 0. 412 
Hayden 6. 5 1. ,68 0. ,201 218 122 3. 90 0. 471 
Fayette 5. 2 1. 83 0. ,168 297 269 3. 19 0. 364 
Tama 6. 0 1. ,83 0. ,168 297 269 6. 26 0. 888 
Downs 5. 6 1. ,86 0. ,182 319 301 2. 99 0. 406 
Edina 6. 0 1. 95 0. ,178 551 34 3. 04 0. 385 
Grundy 
Nicollet 
6. 5 1. ,99 0. ,191 626 62 3. 52 0. 497 
7. 0 2. ,00 0. ,183 456 197 4. 29 0. 754 
Tama 7. 5 2. ,04 0. ,197 178 497 6. 23 0. 604 
Muscatine 6. 7 2. ,05 0. ,220 322 184 5. 39 0. 738 
Marshall 5. 8 2. ,06 0. 196 763 334 6. 75 0. 797 
Shelby 6. 4 2. 46 0. 231 569 47 8. 04 1. 208 
Sharpsburg 5. 7 2. 54 0. 229 561 214 6. 17 1. 005 
Muscatine 7. 3 2. 60 0. 233 358 295 4. 31 0. 487 
Muscatine 5. 8 2. 63 0. 227 330 285 4. 16 0. 722 
Ames 6. 7 2. 99 0. 223 192 202 2. 39 0. 225 
Fayette 7. 5 3. 08 0. 289 288 473 6. 03 0. 658 
Webster 6. 2 3. 32 0. 337 368 114 2. 39 0. 332 
Lester 6. 5 3. 78 0. 400 402 140 3. 32 0. 439 
Harps 7. 7 3. 85 0. 401 319 415 0. 86 0. 187 
Canisteo 7. 8 4. 11 0. 352 846 344 1. 89 0. 262 
Canisteo 7. 5 4. 66 0. 464 609 689 1. 38 0. 203 
Okoboji 7. 1 5. 59 0. 523 249 827 1. 28 0. 241 
^0, organic P; I, inorganic P. 
^Sodium dithionite-extractable Fe and Al. 
S?ater-extractable Ca and Mg. 
'^SA, surface area. 
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Extractable^ Exchangeable 
Ca Mg K Ca Mg CEC CaCO 2 Clay Sand SA^ 
—^ig* g~^ soil —  —  —  —  ceq'kg"^ soil— — — — — — — % — ——  m^/g 
34.6 49.1 439 _ — 5.6 8.12 20 41 131 
19.3 26.1 112 3.9 3.7 9.6 0 13 64 42 
17.7 27.0 75 6.1 6.6 13.1 0 17 19 79 
15.7 23.1 99 11.0 3.2 16. 3 0 27 62 127 
49.0 31.2 - - - 17.7 1.00 27 .3 185 
26.1 36.4 170 8.2 7.9 18.2 0 22 10 145 
17.5 22.4 121 10.5 2.0 13.8 0 16 34 52 
45.2 48.9 411 17.1 13.4 19.0 0 22 10 120 
38.1 57.0 219 9.7 10.4 25.6 0 28 3 120 
38.2 43.4 301 6.3 5.4 16.8 0 19 3 97 
17. 3 23.8 89 8.6 9.4 21.2 0 25 1 119 
32.8 36.7 91 9.7 7.5 22.0 0 25 4 142 
20 .8  35.0 88 8.5 10.1 18.8 0 22 44 91 
30.1 24.6 229 - - 24.7 0.06 29 3 180 
21.5 30.6 195 22.0 5.6 28.4 0 33 10 200 
27 .5  24.4 260 8.9 5.4 16.4 0 25 1 138 
30.1 34.7 77 9.5 8.1 23.2 0 26 33 157 
21.3 33.5 398 8.0 13.9 24.8 0 33 2 143 
27.9 29.1 151 - - 29.5 0.06 30 3 143 
27.7 42.8 228 13.0 9.6 25.2 0 28 3 111 
24.4 35.1 63 6.3 6.5 12.9 0 10 57 54 
48.5 34.9 373 - - 26.2 0.24 26 3 170 
22.2 38 .0  195 22.0 5.6 29.9 0 30 41 206 
23.9 44.9 306 21.4 6.6 30.7 0 30 33 114 
52.5 51.0 122 - - 30.7 8.12 30 36 217 
71.3 49.8 — —  - - 37 .9  7.07 37 6 271 
71.5 46.4 - - - 34. 3 1.39 32 23 238 
35.2 52.2 589 - - 44.5 0.02 36 15 283 
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Table 26. Pyrophosphatase activities, trimetaphosphatase 
activities, and rates of nonenzymic hydrolysis of 
TMP of soils, described in Table 25 
Soil 
Pyro­
phosphatase 
activity^ 
Trimeta­
phosphatase 
activity" 
Nonenzymic 
hydrolysis 
of TMPC 
Storden 63 0 462 
Hagener 59 38 202 
Lester 188 158 328 
Clarion 247 268 300 
Ida 186 313 719 
Ackmore 349 228 414 
Hayden 403 532 108 
Fayette 233 204 442 
Tama 496 358 484 
Downs 240 145 327 
Edina 538 252 376 
Grundy 286 272 535 
Nicollet 54 281 636 
Tama 111 224 724 
Muscatine 628 426 468 
Marshall 369 167 454 
Shelby 370 320 608 
Sharpsburg 633 240 502 
Muscatine 191 274 672 
Muscatine 317 252 458 
Ames 159 332 202 
Fayette 152 477 645 
Webster 436 483 530 
Lester 910 904 498 
Harps 156 649 873 
Cani steo 43 601 1231 
Canisteo 234 454 950 
Okoboji 281 620 723 
Pyrophosphatase activity of soils as determined by the 
method of Dick and Tabatabai (1978), expressed in |ag OP-P re­
leased» soil*5 h"l. 
Trimetaphosphatase activity of soils as determined by 
the method in Part III, expressed in fig TMP-P hydrolyzed g~^ 
soil.5 h-1. 
^Amount of nonenzymic hydrolysis of TMP in soils as de­
termined by method described in Part III, expressed in ng 
TMP-P hydrolyzed«g"^ soil*5 h"^. 
